Coils

Coil equations

General formula

Equation for calculating inductance of a homemade coil: L=(D*N^2)/(l/D+0,43)
Where 

· D is diameter in cm 

· l i length in cm 

· L is inductance in uH 

· N is nuber of turns 

Air core coils

L = (r^2 * n^2)/(9r + 10l) 

For air core coils you can come close with: 

· L = ind. in uH 

· r = radius of coil in inches 

· n = number of turns 

· l = coil length in inches 

ref: Bauchbaum's Complete Handbook of Practical Electronic Ref. Data 

Air cores typically range from .1 to 2000 uH. Bigger indictances usually make the coil too bulky and the above formula is not accurate enough because inner and outer radii of your windings may vary too widely. 

Another coil equation

L = (a^2*n^2)/(9*a+10*b) 

where 

· a = radius in inches 

· b = length in inches 

· n = number of turns 

this was claimed to be accurate within a few percent. 

Equation for single layer coils

L= N^2*A*u*u0/l 
Where: 

· L=inductance desired 

· N=Number of turns 

· A=cross sectional area of core in square centimeters 

· u(Mu)=permeability of core (Air=1; Iron~1000) 

· u0 (mu subzero)= Absolute permeability of air (1.26*10^-12) 

· l=length of coil in centimeters 

Simple formulas for turn numbers of air and iron core coils

Air core: N=(SR[A*u*u0/l])*20Pi 

Iron core: N=(SR[A*u*u0/1*.5Pi]) 

Where: 

· N=number of turns needed for coil 

· SR=Square Root (of bracketed equation) 

· A=cross sectional area of core 

· u=Permeability of core 

· u0=Absolute permeability of air 

· l=length of coil 

· 20Pi=20 times Pi or about 63 

· .5Pi=half of Pi or 1.57 

The equations "sort of" govern the inductance. Testing with inductance meters will ascertain desired inductance. 

Program for calculating coil inductance

Here is a simple basic program for calculating coils in GW Basic. 

100 'program to calculate the number of turns for an inductor.

110 CLS:PI=3.1415926545#

120 K=1473061.855#               'mhos per square inch of area of copper

130 PRINT "                      ÉÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ»"

140 PRINT "                      | Inductor Design Calculator |"

150 PRINT "                      | by David E. Powell, KA4KNG |"

160 PRINT "                      ÈÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍÍ¼":PRINT:PRINT

210 INPUT "Desired inductance in microhenries";L

220 INPUT "Gauge or diameter of wire in inches";DIAMETER

230 INPUT "Diameter of coil form in inches";FORM

240 IF DIAMETER >= 1 THEN DIAMETER = .46 / 1.1229283027#^(DIAMETER +3)

250 PRINT:PRINT "calculating";

260 LAYERS=1                    'Single layer starting out

500 A=DIAMETER*LAYERS+FORM      'Average coil diameter to center of

thickness

505 PRINT ".";

510 GOSUB 2000                  'calculate the number of turns

520 IF PROB =1 THEN LAYERS = LAYERS+1:IF LAYERS < 100 THEN GOTO 500

530 IF B > 1 THEN LAYERS=LAYERS+1:GOTO 500

540 IF N > 9999 THEN PRINT "ERROR - turns count larger than 10000":SYSTEM

550 N=CINT(N):B=N*DIAMETER/LAYERS:LTRY = (.2 * A^2 * N^2)/(3*A+9*B+10*C)

560 W.LENGTH = N*A*PI

570 'calculate the resistance of coil

580 W.AREA = (DIAMETER/2)^2*PI

590 R = 1/(W.AREA*K)*W.LENGTH

800 'show the results

810 PRINT:PRINT

815 PRINT "Overall coil diameter......  ";DIAMETER*LAYERS*2+FORM;"inches"

820 PRINT "Average coil diameter......  ";A;"inches"

830 PRINT "Depth of coil..............  ";LAYERS*DIAMETER;"inches"

840 PRINT "Length of coil.............  ";B;"inches"

850 PRINT "Length of wire (approx)....  ";INT(W.LENGTH/12)"feet,";

855 PRINT INT((W.LENGTH-INT(W.LENGTH))*12);"inches"

860 PRINT "Number of layers...........  ";LAYERS

870 PRINT "Number of turns............  ";N

880 PRINT "Number of turns per layer..  ";N/LAYERS

890 PRINT "Actual inductance..........  ";LTRY;"microhenries"

900 PRINT "Coil DC resistance.........  ";R;"ohms"

1000 INPUT "Again";ZZZ$

1010 IF ZZZ$="n" OR ZZZ$="N" THEN SYSTEM

1020 GOTO 100

2000 'subroutine to calculate the number of turns

2010 MIN.N=1:MAX.N=10000:C=LAYERS * DIAMETER:PROB=0

2060     N=(MAX.N-MIN.N)/2+MIN.N

2070     B=N*DIAMETER/LAYERS     'length of coil

2080     LTRY = (.2 * A^2 * N^2)/(3*A+9*B+10*C)

2090     IF CINT(MAX.N) = CINT(MIN.N) THEN GOTO 3000

2100     IF MIN.N => 9999 THEN PROB=1:GOTO 3000

2110     IF LTRY < L THEN MIN.N=N:GOTO 2060

2120     IF LTRY > L THEN MAX.N=N:GOTO 2060

3000     RETURN

Transformers

General information

Well there is nothing I like better than finding the right intuitive model for something. Intuition is so fast if you can keep out the bad intuition. 

Theoretical transfomer models

Based on [2] 

Questions about transformers are often easier to answer, if you consider a "t" equivalent circuit. You lose the notion of isolation with the "t" equivalent but you can get it back by pretending there is an ideal transfomer connected between the "t" and the load. You can also put the turns ratio in the ideal transformer if you want, so the all values are as seen by the primary. 

Example of "t" equivalen circuit

Here is the "t" equivalent circuit for a 1:1 audio isolation transformer (designed for a 300 ohm load): 
           ------R1---L1-----+----L2----R2------

  Primary                    |                   Secondary

  Side                       Lm                  Side

                             |

           ------------------+------------------

· R1,R2 = primary and secondary winding (copper) resistence. Typically about 50 ohms. Not necessarily equal. 

· L1,L2 = primary and secondary leakage inductances. About 5 mH. Not necessarily equal. 

· Lm = mutual inductance, about 2H. 

I called Lm the mutual inductance and tha's probably not the best term, though I think that in a 1:1 the mutual inductance is about the same as the self inductance or shunt inductance or magnetizing inductance or what ever it is best called. 

For simplification you can wind up combining both leakage inductances into a single inductance on either side of Lm. 

Description of model operation

Well lets assume that there is 1.25Vrms at 1KHz on the primary and no load. The full 1.25V appears on the mutual inductance so that there is about 0.1 ma through the mutual inductance. This is the current that gives rise to the core flux. There is 0.1ma (.995 ma) through the leakage inductance and primary resistance too. In short through the primary winding lumped circuit. 

Now, let there be a 300 ohm load. The voltage on the mutual inductance is decreased very little (you do not need to make complex analysis). Even if you put a short on the secondary, the mutual current is decreased only by a factor of about two. 

This circuit above has neatly divided the current in two paths. In real transformer there is only 1 conduction path through each winding not two, but this model circuit behaves like the real one because of the cancellation effect. 

Magnetic flux cancelation effect

But how much current goes through the primary winding ?
The answer is 0.1ma + 4.2ma. Why doesn't this current add to the flux in the core? Because the current in the secondary cancels it's effect. Energy goes into the load, not into the ferrite, because two magnetic fields bucking each other do cancel. That is fundamentaly what is meant by electromagnetic equations being linear. Of course in the near fields of the windings this is not true as can be easily seen by just drawing a closed curve around the circumferance of the coils wire at a single place. The directed integral of the B-field around the curve has to be proportional to the current inside. But in the bulk of the core the fields do cancel. You can think of it as bucking if you like, but a hall effect probe inserted in the center will read a very low field due to the almost complete cancelation. The integral of the stored energy in the magnetic field integral( B dot H ) over all space will be much less than the intgeral for currents in only one winding or the other but not both simultaneously. 

There is an unavoidable magnetizing-flux present in any transformer, and the primary magnetizing-flux current. Of course, this current is through the primary inductance, and is +90 degrees WRT the voltage, and doesn't directly consume any power. However, this current does cause losses in the primary winding resistance. The magnitude of the flux is set by the voltage and frequency across the primary, and not by the load current (if any). 

Remember the basic AC transformer formula, V = k f N Ac Bm, which tells us how much flux is present for any voltage and frequency ? This is the formula used to find Bmax, so we can be sure the transformer core isn't too close to saturation, which would introduce even more losses. Note, there's no term for load current in the formula. 

Transformer short circuit current

Only the leakage inductance limits the current during a short. It seems that the current through the primary is limited by winding resistance and leakage resistance when the secondary is shorted. 

Secondary voltage drop

The field in transformer core goes goes actuaally DOWN a bit when the transformer is loaded. This is due to the effective primary voltage being reduced by (primary current * resistance of primary winding): 

Vs = IpRp + BA[omega]Np 

where: 

· B is the r.m.s (not peak) induction 

· A is the area of cross-section of the core 

· [omega] is 2[pi]f, of course 

· Np is the number of turns. 

Other models for transformers

What about the isolation ?

Real transformer provides isolation between the input and output. The model above does not show the isolatio but is sufficent for most of the analysis. Where the isolation is needed in model you can pretend that there is an ideal transformer between the "t" and the load like in the picure below: 

                                                 1:N ideal transformer

            ------R1---L1-----+----L2----R2-----o   o-----

   Primary                    |                  0||      Secondary

   Side                       Lm                 0||0      Side

                              |                  0||

            ------------------+-----------------o   o-----

One model for ideal transformer wiht isolation

This model displays transformers intuitively, the way we most often think of them: 

   -> Ip -----R1---L1---+---,    ,---L2----R2------ Is ->

   Primary              |   O|| /             Secondary

   Side, Vp            Lm   O||O              Side, Vs

                        |   O|| \

         ---------------+---'    '-----------------

            magnetizing     perfect-ratio

             inductance     transformer

Lm is the required magnetizing inductance. The perfect transformer converts Vp to Vs by the ratio of the turns independant of frequency, and draws a primary current Ip, related to the secondary current Is by the inverse ratio of the turns. Should you desire to group the series resistances Rx and the leakage inductances Lx, all on one side, just move the values from the other side, translated by the square of the turns ratio. This model also directly matches the simple bench measurements we can take to characterize a transformer, measuring both lead resistances, and primary inductance with the secondary both open (magnetizing inductance) and shorted (leakage inductance L1 + L2*N^2). 

Transformer specifications

Based on [2] 

As to how we sort it out, in the one case that matters a lot to me, we specify the general winding details, a range for R1 and R2, maximum values for L1+L2||Lm (measured from primary with secondary shorted) and L2+L1||Lm (measured from the secondary with the primary shorted), minimum values for L1+Lm (measured from primary with secondary open) and L2+Lm. The vendor gets to choose the number of turns (same for both secondary and primary), the wire, and gets to play with the laminations (a mix of silicon steel and high nickel steel). Then at incoming inspection, we measure all those things. At this point, we have four measurements determining 3 things (L1,L2,Lm) so even though the turns ratio is 1:1, I pretend the turns ratio is 1:n which gives me 4 variables and four equations and I solve the whole mess. 

Phase

If you heavily load a transformer with a resistive load so that the current draw is large compared to the no load current. You will find the currents and voltages are in phase. They have to move into phase because at 90 phase shift between current and voltage no net power transfer (averaged over one cycle occurs). As you well know, the power companies spend a lot of effort keeping current and voltage in phase ( hence power factor ). 

It is true that the slope of a sinewave for both current and voltage is maximum at the zero crossings. I can see how that combined with V=LdI/dt makes it seem that the current and voltage should be 90 out of phase. BUT. That only happens for a unloaded transformer that looks like an inductor. For a resitively loaded transformer you will decrease the phase angle decrease with increasing load. This is easy for you to try, do it! 

The reason for this is that, we can really only (simply) apply Amperes' law around a contour enclosing half of each winding. In that situation if you consider Vprimary and d( N*Iprimary - I secondary)/dt you will come up with the situation you have discribed where the difference of these currents and voltages are 90 degrees out of phase. BUT, (N*Iprimary-Isecondary) is much much less than Iprimary ( order of 1%) for a heavily loaded transformer. In that situation the dominate (largest) components currents can be in phase and typically are. 

For example let us take a unloaded 1:1 transformer that draws 10ma when on loaded. Let us call this current Iinitial The current and voltage are 90 out of phase. But if we add 1 amp to Iprimary at the same time adding 1amp to Isecondary in phase with the voltage and each other ( or 180 degrees depending on the transformer polarity convention ) then d(Iprimary-Isecondary/1)/dt doesn't change it is still just the unloaded current Iinitial. However, if we look at the total transformer primary current, Iprimary+Iinitial = 1cos(wt)+.01sin(wt) then it is almost perfectly in phase with the voltage Vcos(wt) 

Note the currents don't have to be in phase, if we load the transformer output with a large capacitor or a small inductor much larger currents will flow but the phase of the primary current will change accordingly. 

If the input voltage and currents are 90 deg out of phase no power goes in. If the input and output voltages are 90 degrees out of phase then everything everyone learned about transformers is totally wrong. 

The following assumes an ideal transformer: 

If I apply a voltage to the primary I get a voltage on the secondary. The voltage ratio is function of the turns ratio. Now if I connect a purely resistive load to the secondary I get a secondary current given by the secondary voltage and the value of the resistance. The current in the primary is a function of the secondary current and the turns ratio. The output power may be calculated from Vs^2*Rload. The input power may be calculated from Vp*Ip. For an ideal transformer these two numbers are equal. If there is a phase difference between them then this cannot be true. Pin = Pout! Not Pout=Pin*cos(theta). 

Text book definitions for ideal transformers: 

Vs=Vp*(Ns/Np)

Ip=Is*(Ns/Np)

Pin=Pout

It seems quite clear to me that there can be no phase differences (at least for the ideal transformer). 

Transformer measurements

Based on [2] 

Measuring B-H curve

You can easily display the B-H curve of a transformer on a scope that can do X-Y display with just a couple of components. A heater transformer (For those that remember valves - or tubes as the locals say) used in reverse works well. Feed it with 6.3v AC from another similar transformer. 

R2 senses the current in the primary (The magnetizing force) - it should be selected to give a couple of volts for the X-axis of the display - a few ohms. 

R1 and C1 act as a crude integrator, since the voltage across the secondary of the transformer is proportional to the rate of change of the magnetic field rather than the field itself. Select R1 to give negligible loading on the transformer (it could be 100s of K) and C1 so that the voltage across it is less than 5% of voltage on the secondary of the transformer. 

                                    R1

--------    ----/\/\/\--|-- Scope Y input

        )||(            |

        )||( 240/120    = C1

 6.3v   )||(            |

        )||(____________|___ Scope Ground

        |

        |_________ Scope X input

        |

        \

        /

        \ R2

        /

        |

------------------ Scope Ground

You cna fo example use 100 kohms resistor and 3 uF capacitor for this circuit. 

Other transformer measurement ideas

Here is some basic measurements to get to know most of transfromer parameters: 

· 1. Pri/Sec winding resistances can be measured wih multimeter directly. 

· 2. Measure open circuit secondary volts with some known primary voltage to get the turns-ratio. 

· 3. Short the secondary with an ammeter and plot V-primary against I-secondary. (A scope across the ammeter might be handy to check sec waveshape, just in case.) 

· 4. As a crosscheck do V-pri/I-pri with a shorted sec. 

That lot should be enough to demo and do sums on the series impedance that the flux-shunt creates. 

Leakeage inductance measurement

Here are leakage inductance measurements done two different ways, which show pretty good agreement. 

First method

Secondary equivalent circuit: 

O------(Rs+Rp/N^2)-----(Ls+Lp/N^2)-------+

                                         |

                                         |

                                         |

E(t)                                     Rl

                                         |

                                         |

O----------------------------------------+

Open circuit voltages on my transformer show Ns/Np = 8.5. Other measured values: 

Rp = 144.5 ohm

Rs = 2.13 ohm

E(t) = 14.17 V

Rl = 25.20 ohm

Voltage across Rl = 12.20 V

Secondary impedance Zs = 14.17 V / (12.20 V / 25.2 ohm) = 29.3 ohm 

(Ls+Lp/N^2) = Sqrt( Zs^2 - ( (Rs+Rp/N^2) + Rl )^2 ) = 0 , effectively. 

The quantity (Rs+Rp/N^2) + Rl = 29.33 ohm which is not significantly different from Zs . 

It appears that within the limits of experimental error, I cannot resolve any total leakage inductance in this experiment. Thus the leakage inductance must be very negligible. 

Second approach

In the second approach, I shorted the primary winding, and applied voltage to the primary. 

Secondary equivalent circuit with the primary shorted: 

O------(Rs+Rp/N^2)----+

                      |

                      |

E(t)                  |

                      |

                      |

O----(Ls+Lp/N^2)------+

This time, 

E(t) = 1.463 V

Is = 0.342 A

Zs = 4.28 ohm

(Ls+Lp/N^2) = Sqrt( Zs^2 - (Rs+Rp/N^2)^2 ) = 3 mH 

Here the quantity Rs+Rp/N^2 = 4.13 which is different from Zs. 

In this case Rp/N^2 = 2, which is consistent with Rs = 2.13 for a well-designed transformer. The primary should have just a little more winding area than the secondary. 

The measured leakage reactance (3 mH) is a bit on the high side, but not unreasonable for a laminated transformer. It's too high for a well-designed toroid. Anyway in measurements like theat the accuracy of the measurements needs to taken account. 

The current waveforms should be reasonably nearly sinusoidal in both tests, unlike the no-load primary current. 

Transformer design and selection for applications

Transformer core type selection

TOROIDS vs. E-CORES ADVANTAGES

Toroids: 

· More compact than E-core design 

· Materials cost is lower due to single component 

· Tighter magnetic coupling - lower stray flux leakage 

E-cores: 

· Easier to automate winding process 

· Can be mounted by pins on the bobbins 

· Easier to isolate electrically multiple windings 

· Core can be easily gapped to extend energy storage capability 

Power transformer designing principles

Based on [1] 

It has been my suspocion that to save iron and weight, most power transformers are designed to operate right on the ragged edge of saturation, hence all hell can break loose (at least transformer hears more) when you take a product designed for 60Hz service and power it with 50Hz. 

Designing a power transformer is quite careful thng if an optimized design is needed. To get a general view of the design of a power transformer I geve here you some approzimate design equations for 50 Hz power transformer using laminated iron transformer E-core: 

primary turns = 45 * primary voltage / core area

secondady turns = 48 * secondary voltage / core area

core area = 1.1 * sqrt ( P )

Where: 

· core area = cross square ares of the core going through the coil in square centimeters 

· primary voltage = AC voltage fed to prmary in volts 

· secondary voltage = AC voltage wanted on secondary in volts 

· P = transformer power 

The secondary needs a little bit more turns per voltage because there are always some losses inside the transformer core and coil wire. More turns on secondary compensated some of those losses. 

The wire in primary and secondary must be sized according the allowed voltage drops and heating inside the transformer. As a rule of thumb do not try to push more then 2.5 amperes of current per square millimeter of the wire in coils inside transformer. 

The size of the transformer core must be determined based on the transformer total power. The area of the core (as used in equation above) should at least have the value accoring the following equation (can be larger): 

 core area = sqrt ( transformer power in watts )

Here is a table of wire sized for different currents suitable for power transformers: 

Current  Wire diameter

(mA)     (mm)

10       0,05

25       0,13

50       0,17

100      0,25

300      0,37

500      0,48

1000     0,7

3000     1,2

5000     1,54

10000    2,24

If you make a transformer using those equations, you mith throughly test it before connecting it to the mains power. Generally nowadays it is a good idea to buy a mains transformer ready made and so make sure that you get a product which is safe to use (fullfills all the safety regulations). 

Low frequency transformers

Based on [1] 

General formulas

For low power low frequency transformers you can generally determine that the turns ratio determines the voltage transfer ratio. For given impedance circuti you need to determine the minimum impedance for a certain transformer coil using the following formula: 

 L = Z / (2 * pi * f)

Where: 

· L = primary coil inductance (secondary open circuit) 

· Z = circuit impedance 

· pi = 3.14159 

· f = lowest frequency the transformer must work 

This is the recommended value for the impedance. The impedance of the coil can be higher than the value determined by thie equations. Using too high inductance would not generally have much problems, but generally it is not good idea because many practical reasons (longer primary coil, more resistance, more capacitance, propably for those reasons poorer high frequency response etc.). 

The actual number of turns needed to get the necessary inductance depends on the tranformer core model and magnetic material used it. Consult the datasheet of the coil material you are using for more details or it. Other option is to first wire one test coul and measure it. Using the measurement results you can determine how many turns are needed for a specific inductance. General approximare inductance formula (for coils with cores) is useful for this: 

 L = N * N * a

Where: 

· L = inductance 

· N = number of turns 

· a = a constant value (determine value from coil core data or measure it with test coil) 

If you are using iron core and need to transfer some power you can determine the needed core size using formula: 

 Afe = sqrt ( P / (Bmax * S * f) )

Where: 

· Afe = core area (cm^2) 

· P = maximum transmitted power 

· Bmax = maximum magnetic flux in core (Vs/m^2) (usually 4000 G = 0.4 Vs/m^2) 

· S = Current density (A/mm^2) (usually 0.5 A/mm^2) 

· f = lowest frequency transformer needs to operate (Hz) 

Transformers without air gap

And when you know core area you can calculate the number of turns for transformer primary for transformer without air gap in core using the following formula: 

 N1 = sqrt ( (10^8 * L1 * l) / (u * Afe) )

Where: 

· N1 = number of turns in primary coil 

· Afe = core area (cm^2) 

· L1 = primary coil inductance (H) 

· l = average length of magnet flow force lines (cm) (lenght of line around coil going through inside the core) 

· u = relative permiability of magnetic material (around 500 for typical transformer iron) 

You can determine the number of turns on secondary coil using the following formula (expects transformer effiency of 90%): 

 N2 = 1.1 * U2 / U1 = 1.1 * sqrt (Z2 / Z1) = 

Where: 

· N1 = number of turns in primary coil 

· N2 = number of turns in secondary coil 

· U1 = primary voltage 

· U2 = secondary voltage 

· Z1 = primary impedance 

· Z2 = secondary impedance 

For optimum tranformer performance the resistance of the coils should be kept as low as possible. This means that you should use as thick wire as you can. When selecting wire size, remember to leave 30-50% of the coil volume to the insulation. 

Transformers with air gap

If there is any DC current flowing on transformer primary, the primary inductance is reduced. To compensate the effect of this (in circuits where this is a problem) the core should have a small air gap in the core. In practice the air gap should be selected to be around 1/1000 of the length of the magnetic lines in the core. In this case the following equation can be used to determine the number of turns needed for primary coil: 

 N1 = sqrt ( (L1 * li) / (Afe * 10^8) )

Where: 

· N1 = number of turns in primary coil 

· Afe = core area (cm^2) 

· L1 = primary coil inductance (H) 

· li = size of the air gap (mm) 

Note that this formula gives much larger nu,ber of turns for primary coil than the equation for transformer without air gap. Other calculations for transformers are made as with the transformer without air gap. 

Pulse transformers

Based on [4] 

Impedance matching transformer selection

Matching is required to ensure maximum power transfer from source to the load. A matched condition exists when: 

 N = N2 / N1 = sqrt (Zl / Zs)

Where: 

· N = turns ratio between primary and secondary 

· N1 = number of turns in primary 

· N2 = number of turns in secondary 

· Zs = signal source impedance 

· Zl = transformer load impedance 

In real world the matching transformer will present its own shunt impedance to the source. The magnitude of this impedance will depend on the primary inductance and the frequency of operation. This should be large comparef with the souce impedance. A safety factor of 5 should be sufficent for most of the applications. So a suitable value for primary coil inductance can be calculated using the follwing formula: 

 Lp = 5 * Zs / (2 * pi * fmin)

Where: 

· Lp = prmary inductance 

· Zs = source impedance 

· fmin = minimum frequency needed to be transferred through transformer 

· pi = 3.14159 

If too high a primary inductance is chosen, the parasitic components (shunt capacitance, leake inductance etc.) conspire to reduce the high-frequency performance of the circuit. 

Selection procedures for pulse matching transformers

It is necessary to check for pulse distortion when selecting the transformer. There is a maximum area of pulse which a given transformer can transmit. This is known as the Et constant. The following formulas will describe how this may be estimated from the known pulse shape 

  Et = Vp * tpw

  Lp = R * tpw / Ln (I - D)

  D = delta / Vp = 1 - exp (-R * tt / Lp)

  0 < tt < tpw

Where: 

· tpw = the worst-case (maximum) pulse width to be transmitted 

· Vp = pulse voltage (voltage from top to bottom) 

· delta = how much pulse top is allowed to drop 

· tt = time the pulse top is active (tpw - start and end slopes) 

· D = droop (usually 10& can be tolerated) 

· R = parallel combination of the source and reflected load impedance (for a matched case this is half of the source impedance) 

It is worth noting that if no upper limit can be put to pulse length (tpw) then it will not be possible to use a transformer in this application because transformers don't work with DC. If too high Et constant is chosen then the full pulse width will not be transmitted and the transformer will cause excessive loading to the due to saturation. Conversely, too high an Et constant will bring attendant high parasitic capacitances and inductances which will cause poor signal rise times. 

The other distortion which should be checked is droop. The droop in in relation to the pulse time, primary inductance and system impedances. Unless otherwise specified a droop of 10% can usually be tolerated. Here again excessive inductance brings parasitics and their attendant problems. 

From the preceeing description we can propose a strategy which should enable us to select correct components in the majority of applications. 

· 1. Indentify the sytem impedances Zs and Zl 

· 2. Identify minimum operating frequency (fmin) 

· 3. Identify maximum pulse width (tpw) and voltage (Vp) 

· 4. Calculate turns ratio from: N = sqrt (Zl / Zs) 

· 5. Calculate minimum primary inductance from: Lp(min) = 2.5 * Zs / (2 * pi * fmin) 

· 6. Calculate minimum Et constant from: Et(min) = Vp * tpw 

· 7. Check that droop is acceptable (propably < 10%): D = 1 - exp ( -Zs * tpw / (2*Lp) ) 

· 8. If droop is unacceptable re-calculate Lp from: Lp = - Zs * tpw / (2 * Lp) 

· 9. Select the device that meets the above specifications with the lowest values of leakage inductance and interwinding capacitance. 

The approximations made in the formulas that the strategy has its limitations but the errors are usually negligble. 

Transformers for thyristor drives

Transformers are used in thyristor drives to provide isolation of control circuitry and voltage/current transformation. In order for the thyristor to switch on the gate must be held high until the current in the thyristor exceeds the holding current of the device. This time depends on the device itself and the load characteristics. A resistive load will have a fast current rise time and hence require a narrower pulse than would and inductive load. Unfortunately the majority of the applications are for motor drives and it is often difficult to define a figure for maximum pulse duration. 

It is also important to ensure that the thyristor does not turn on too slowly. This leads to local "hot spots" in the device and premature device failure. This requirement means that the transformer should have as low a leakage inductance as possible. 

For applications where pulse-width-modulation (PWM) techniques are to be employed it should be remembered that it is very difficult, if not impossible, to work pulse transformers and more thatn 60% mark:space ratio. The reason for this is that the transformer needs requires time to reset between pulses. 

Details on using transformers in electronics designs

Based on [2] 

Low signal distortion

Yes, 'bottom-bend distortion' is something to watch out for in using silicon-iron cored transformers for audio applications outside their specifications. The usual case is using too big a transformer, so that the induction at low signal levels is minute. It can also happen with nickel-iron cores, but only at extremely low inductions indeed. 

When the hysteresis curve is first introduced to students, the S-shaped 'initial magnetizing curve' is usually drawn first, then the BH loop. After that, the S-shape of the initial curve is forgotten, but that bottom bend is still there, waiting to bite you! 

As for the curve being linear at low intensity, we all know that the B-H curve flattens out at the top, but I think you will find there is a flattening around the origion also. 

For example it can happen than when you decreased the primary signal by 80dB, the secondary signal can be decreased for exmaple decreased by 81dB. T Indeed the BH curve does have a flattening near zero. This problem can be reduced by using right size air gap in the transformer core, which makes is possible to get for example linearity over a 80 dB. 

Information on transformers used in switched mode power supplies

The output voltage on a high frequency transformer has the same waveform (not voltage necessarily) as the input waveform (leakage etc ignored). In fact the the secondary current may be 'sensed' or measured from the primary, as it commonly is for current mode control systems or even voltage mode controller schemes with over load protection. The secondary voltage and current are completely in phase with the primary voltage and current. 

Below is what I hope is clear as typical voltag and current wavefroms for a two phase SMPS forward converter: 

                 |-------|                |------

                 |       |                |

Pvolts        ---|       |---|        |---|

                             |        |

                             |--------|

                        /|           /|

                       / |          / |

                      /  |         /  |

                     /   |        /   |

                    /    |       /    |       /

                   /     |      /     |      /

                  /      |     /      |     /

Pcurrent         /       |    /       |    /

                /        |---/        |---/

You will no doubt recognise the inductor current waveform in the primary current waveform above. This is all down to the fact that the input and output voltage and current waveforms are totally in phase (ignoring leakage L C etc etc). 

What is the difference between laminated and toroidal transformer ?

There is no dramatic difference between a toroidal transformer and a conventional transformer. Both work in same way. Basically the difference is just the mechanical form of the transformer. 

The main difference is that the traditional transformer and toroidal transformer are wound to a different for of transformer core. The traditonal tranformer use typically so called "E"-cores which are made of stacks of iron. Toroidla transformer used a toroidal trnasformer core (shape of "O"). a torrid core provides a closed magnetic circuit and does'nt loose any flux into free space as it would if the same core was in the shape of a rod. lost flux is lost energy, therefore, a torrid will provide higher inductance, tighter coupling , higher efficiency, and higher Q, and on and on. The whole concept is to physically concentrate the flux where it is needed. Also, because the flux is concentrated in the core, components that would normally be affected by being in the proximity of an inductor/transformer, can be mounted closer to a torrid, and a torrid will generally be smaller than an inductor or transformer using more conventional core shapes. 

Toroids are usually made from thinner strip of a higher grade of silicon iron and they have a truly continuous magnetic circuit. Those are the basic characteristics that give rise to lower losses and near-zero external magnetic field, which are the usual reasons for choosing an, often more costly, toroid rather than a laminated-core transformer. 

In principle a perfect toroidal winding has no external magnetic field, and in practice toroidal transformers do have lower external fields, but transformer designers tend to design toroids to run closer to saturation, which increases the external field, largely eliminating the advantage. 

Toroids are popular in hi-fi amplifiers because they allows claims about low external field, and - much more important - because the weight of the wound toroidal transformer is lower than than equivalent conventional transformer. 

The "squashed" profile of the toroidal transformer also gives it more surface area per unit VA than a conventional transformer, so it dissipate more heat per unit temperature rise, which the designers exploit by running them at higher current density. 

Information sources

· [1] Hannu Miettinen, Käytännön Elektroniikkaa, Infopress, 1976 

· [2] Various Usenet news articles 

· [3] Various Web documents 

· [4] Newport Components Application Notes book 



Physical Quantities
Systems of measurement, including the SI System of Units 
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A physical quantity is an attribute of something that can be measured, and to which a numerical value can be given. The attribute being measured is the dimension, such as length or mass, but this alone is not enough to allow the quantity to be represented as a number. Saying that something has a mass of 3 doesn’t mean anything. 

To express any physical quantity as a number, a unit is needed. A unit is simply the physical quantity that defines what 1 means. For example, there is a standard reference mass that defines the kilogram. Saying that something has a mass of 3 kilograms does mean something, because there is now a number as well as a unit. 

Systems of Units

A system of units is just a set of one or more separate units. Systems of units typically define several units for each dimension. For example, the imperial system of units defines inches, feet, yards, and miles all as units of length. Systems of units also generally cover more than one dimension - the imperial system also includes units for mass, force, temperature, and so on. 

A system of units needs several base quantities, which define the base units of the system. These are units that are defined by real, physical examples of something, such as the kilogram being defined by the standard reference mass, which is a real object. All other units in a system are then defined in terms of those base units. These other units are called derived units since they are derived from the base units. 

The number of base units needed depends on the scope of the system of units. The scope is just the set of all the dimensions for which the system has units. To cover all of the dimension needed for mechanics, base units for length, mass, and time are enough, and to cover thermodynamics as well, a base unit for temperature. All other units can be derived from these four. 

More specifically, any derived unit can be defined as each of the four base units raised to a certain exponent, multiplied together, and then multiplied by some number. For example, the unit for acceleration can be defined as: 

Acceleration = Length1 x Mass0 x Time-2 x Temperature0 x n 

Since anything raised to the power of 1 is just itself, and anything raised to the power of 0 is just 1, in this case the definition of acceleration can be simplified to: 

Acceleration = Length x Time-2 x n 

The value of n is the only part of this definition that will change from one system of units to another, and that’s the case not just for acceleration, but for any derived unit. So, the differences between systems of units are really just the values of the base units, and the values of n for all of the derived units. 

Remembering that multiplying by Time-2 is the same as dividing by Time2, then the definition of the units for acceleration are identical to the mechanics formula to calculate acceleration. The only difference is the multiplication by n. 

A system of units where n is always 1 for every unit (called a coherent set of units) has the advantage that the results of any calculation are already in the correct units. It’s not necessary to remember to multiply by anything to convert a result into the right units. 

The SI System of Units

The International System of Units is the modern version of the metric system. This system is also known by the abbreviation SI, a short form of the system’s name in French (Système International d’Unités.) It is a coherent system, and has seven independent base units. SI has base units for: 

· Length 

· Mass 

· Time 

· Temperature 

· Electric Current 

· Light Intensity 

· Amount of Substance 

By using defining base units for these seven dimension, SI units can be used easily for not just mechanics and thermodynamics, but also chemistry, electrical calculations, and many other areas. The definitions of the base units are: 

Length

The SI unit for length is the meter (m). It’s defined as the length of the path traveled by light in a vacuum during a time interval of 1/299 792 458 of a second. This isn’t a derived unit because its definition includes a specific physical thing (light) as well as another SI unit (the second). 

Mass

The SI unit for mass is the kilogram (kg), which is equal to the mass of the international prototype kilogram. 

Time

The SI unit for time is the second (s). It’s defined as the duration of 9 192 631 770 periods of the radiation corresponding to the transition between the two hyperfine levels of the ground state of the cesium-133 atom. More simply, it’s the time it takes for a certain number of light waves of a certain colour of light to go by. 

Temperature

The kelvin (K) is the SI unit for thermodynamic temperature. It’s 1/273.16 of the thermodynamic temperature of the triple point of water, or in other words, the temperature of the triple point of water is 273.16 kelvin. If you take an enclosed volume and fill it only with water (no air), and then cool it until ice, water, and water vapor are all present and in equilibrium (neither increasing nor decreasing in quantity), then this will always take place at exactly the same temperature. This is much more accurate than just measuring freezing or boiling temperature, which change with air pressure and even the motion of the water. 

Electric Current

The SI unit for current is the ampere (A). An ampere as a constant current flowing through parallel conductors 1 meter apart, which would cause a force of 2x10-7 newtons per meter of conductor length. 

Light Intensity

The candela (cd) is the SI unit for light intensity. It is defined as a light source that emits monochromatic radiation of frequency 540x1012 hertz and has an intensity of 1/683 watts per steradian. Put more simply, it’s the intensity of a light source of a particular colour that causes 1/683 watts to fall on an area of 1 square meter when it’s one meter from that light source. 

This is not the same as the total output of the light source, nor is it the same as the brightness of the light when it reaches that distance of 1 meter. There are other units for these quantities, and they are derived from the candela. 

Amount of Substance

SI also has a definition for a specific number of elementary entities, which could be atoms, molecules, electrons, or just about anything else. The unit is call the mole (mol), and it’s defined as the number of atoms present in 0.012 kilograms of carbon-12. In other words, 1 mole of carbon-12 has a mass of 12 grams. 

Derived SI Units

The following table shows the derived SI units along with the dimension that they represent, and how they are derived from the seven base SI units. The additional unit "steradian" is used for some of the units that deal with light. A radian is an angle defined by the center of a circle and two points on the circle which are the same distance apart as the circle’s radius. In other words if you take a circle with a radius of 1 meter, and measure points 1 meter apart around it, the angle they measure will be 1 radian. A steradian (sr) is just a radian extended in two dimensions, which could be imagined as pyramid shape instead of a wedge. Note that the unit of length does not have to be meters. Radians and steradians don’t change no matter what units are used to explain them. 

	Dimension
	Unit (abbreviation)
	Description
	Derivation from Base Units
	Clearer Derivation

	Mechanics

	force
	newton (N)
	force that accelerates a mass of 1 kilogram at a rate of 1 meter per second per second
	m x kg x s-2
	m x kg / s2

	pressure or stress
	pascal (Pa)
	a pressure or stress of 1 newton per square meter
	m-1 x kg x s-2
	N / m2

	General

	frequency
	hertz (Hz)
	the frequency of any periodic event or cycle which occurs once per second
	s-1
	1 / s

	energy
	joule (J)
	work done by a force of 1 newton moving 1 meter in the direction of the force
	m x kg
	m x kg

	power
	watt (W)
	power that produces energy of 1 joule in one second
	m2 x kg x s-3
	J / s

	Electrical

	quantity of electricity
	coulomb (C)
	quantity of electricity carried in one second by a current of 1 ampere
	s x A
	s x A

	electrical potential
	volt (V)
	difference of electrical potential between the ends of a conductor where 1 watt is dissipated when the current is 1 ampere
	m2 x kg x s-3 x A-1
	W / A or J / C

	capacitance
	farad (F)
	capacitance of a capacitor where a potential difference of 1 volt exists after being charged by 1 coulomb of electricity
	m-2 x kg-1 x s4 x A2
	C / V

	inductance
	henry (H)
	inductance of a closed circuit where 1 volt is produced by a current change of 1 ampere per second
	m2 x kg x s-2 x A-2
	Wb / A

	resistance
	ohm ([image: image2.png]


)
	the resistance of a conductor in which 1 volt produces a current of 1 ampere
	m2 x kg x s-3 x A-2
	V / A

	conductance
	siemen (S)
	conductance of a conductor where a current of 1 ampere is produced by 1 volt (this is the reciprocal of resistance)
	m-2 x kg-1 x s3 x A2
	A / V or [image: image3.png]


-1 

	Light

	luminous flux
	lumen (lm)
	luminous flux emitted in a solid angle of 1 steradian by a point source having a uniform intensity of 1 candela - in other words, total light output from a light source in all directions combined
	cd x sr
	cd x sr

	illuminance
	lux (lx)
	illuminance produced by a luminous flux of 1 lumen uniformly distributed over an area of 1 square meter - in other words, amount of light falling on a given area
	m-2 x cd x sr
	lm / m2

	Magnetism

	magnetic flux
	weber (Wb)
	magnetic flux in a circuit of 1 turn that produces 1 volt if the flux were reduced to zero in a time of 1 second
	m2 x kg x s-2 x A-1
	V x s

	flux density
	tesla (T)
	magnetic flux density given by a magnetic flux of 1 weber per square meter
	kg x s-2 x A-1
	Wb / A


Note also that, when a unit is named after someone, the full unit name is written in all lower case, while the abbreviation has the first letter capitalized. 

Prefixes

Both the base units and the derived units in SI can have any of a number of prefixes added. These prefixes are used to multiply or divide the size of the base unit to produce another, more convenient unit. The same prefixes are used for all units. These prefixes and their values are: 

	Prefix (symbol)
	Multiply By
	Prefix
	Multiply By

	deka (da)
	101
	deci (d)
	10-1

	hecto (h)
	102
	centi (c)
	10-2

	kilo (k)
	103
	milli (m)
	10-3

	mega (M)
	106
	micro (u)
	10-6

	giga (G)
	109
	nano (n)
	10-9

	tera (T)
	1012
	pico (p)
	10-12

	peta (P)
	1015
	femto (f)
	10-15

	exa (E)
	1018
	atto (a)
	10-18

	zetta (Z)
	1021
	zepto (z)
	10-21

	yotta (Y)
	1024
	yocto (y)
	10-24


The symbols for these prefixes are added onto the beginning of the symbol for the unit to get the symbol for the new unit. Because of the capitalization, there is no overlap between these prefixes and the symbols for units. An ampere-second could be abbreviated As, while an attosecond would be as. 

The only unit which is treated differently is the kilogram. In this case, the prefix kilo is replaced by something else, even though kilogram is the base unit and not gram. There is no such thing as a microkilogram - this is just a milligram. 

Another advantage to the SI system is that all of the units for the same dimension are related to each other by powers of ten, which makes it easy to convert. For example, it’s simple to convert from meters to millimeters (just move the decimal three places to the right), but more difficult to convert from miles to inches. 

TRANSISTORS AND AMPLIFICATION
INTRODUCTION
With this series of experiments we want to introduce you to some of the basic circuits used in modern electronics. The term electronics encompasses the large variety of devices whose purpose it is to encode, decode, transmit or otherwise process information. Examples are radio and television receivers, calculators, computers, etc., etc.... In addition to resistors and capacitors, with which you may already be familiar, all these devices nowadays contain two kinds of semiconductor elements: diodes and transistors. For a brief description of the subtle quantum mechanical effects on which these elements depend please turn to the Appendix H on Electrical Conduction. Here we will just state that by the addition of small amounts of certain impurities, a process known as doping, it is possible to create n​type materials, in which the charge carriers are mostly negative and p​type materials in which they are mostly positive. 

If one dopes the two halves of a single piece of a semiconductor, for example silicon, so that they become, respectively, p​type and n​type material, one creates at the interface between the two halves a p​n junction. Such a p​n junctions has the remarkable property that it does not obey Ohm's law: If a voltage is applied to the junction as shown in Figure 1a) no current will flow and the junction is said to be backward biased. If the polarity of the applied voltage is reversed, as shown in Figure 1b), the junction becomes forward biased and a current does flow. 
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Figure 1: Backward and Forward biased p-n junctions 



Devices that consist of a p​n junction with leads attached to the n​side and the p​side, respectively, are known as semiconductor diodes or simply diodes because they have two electrodes, (in Greek the prefix di​ signifies two​ or twice​). Diodes act as rectifiers i.e. they allow a current to pass through in one direction but not in the other. They are represented by the circuit symbols shown in Figure 2. 
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Figure 2: Backward and Forward biased diodes 



Now let us look at the circuit shown in Figure 3. It consists of two diodes and no current will flow through it, regardless of the polarity of the applied voltage; either one diode will be backward biased or the other. 
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Figure 3: Two diodes connected back to back. 



Next we consider the same basic circuit but with a subtle difference: the two n​p junctions share the same center electrode, i.e. we take a piece of material that is p​type in the middle but n​type on both ends, Figure 4. 
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Figure 4: Two p-n junctions with a common center electrode 



Such a device is called an npn transistor. It is equally possible to start with a piece of n​type material and dope the two ends as p​type, in that case one gets a pnp transistor, either device will work. What does this "circuit" do that the one consisting of two separate diodes does not? Let us assume that we have an npn transistor and that we have applied a voltage so that the n​p junction on the left is forward biased as shown in Figure 4. Clearly a current will flow into the n​type material and out the p​type center electrode. Now comes the difference: If the p​type center layer is kept very thin many, indeed most, of the charge carriers will simply rush through it and through the second p​n junction into the n​type layer on the right side. Once past the obstacle presented by the second junction they are free to move through the n​type material toward the second, even more positive, voltage source. If we reverse the bias on the p​n junction on the left, no current can flow into the p​type layer in the center and consequently, no current will flow into the n​type layer on the right side. In other words we have a current amplifier: If we vary the small current from the left electrode, the emitter E, to the center electrode, the base B, then the larger current to the right electrode, the collector C, will vary in proportion. The term "amplifier", although universally used, is a little misleading: the device does not really amplify an electric current, (nothing can do that since electric charge is always conserved in nature), it rather allows us to control a large current with a small one. In circuit diagrams transistors are usually represented by the symbols shown in Figures 5a and 5b. The arrow indicates the direction in which the current flows. 
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Figure 5: a) pnp transistor and b) npn transistor 



You will have noticed that I have glossed over two important points 

a) What are the two kinds of charge carriers? The negative carriers are simply electrons; the positive carriers are holes. A hole is the absence of an electron in a place were an electron could be. Why such holes occur in a semiconductor and how they can act as charge carriers are questions that can only be answered with the help of quantum mechanics. For an elementary discussions of the theory of electrical conduction in metals and semiconductors see Appendix H of this manual or any text on "modern physics" in the library, e.g. Weidner and Sells (Allyn and Bacon).

b) According to Figure 4 the circuit is symmetrical: If one inverts the polarity of both power supplies one should have a working transistor in which emitter and collector have exchanged their functions. Don't try it! The transistor will indeed work but not nearly as well as with the proper polarity, it may also burn out. The circuit diagram is indeed symmetrical, but the electrodes inside the transistor are not. 

To explore transistor circuits experimentally we consider an npn transistor in the circuit shown in Figure 6. There are three leads attached to the transistor, this means that we can measure the three currents in those leads and the three voltages between the three possible pairs of leads. In an npn transistor, current flows into the collector and base and out of the emitter. The collector is most positive, the base intermediate and the emitter least positive in voltage. We will henceforth use the following conventions:

VCE = Voltage drop from collector to emitter

VCB = Voltage drop from collector to base

VBE = Voltage drop from base to emitter 

IC = Current into the collector

IB = Current into the base 

IE = Current out of the emitter.

Since charge can not get lost in the transistor, we know that 
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Figure 6: Current amplifier with an npn transistor. 



IC + IB = IE. --------------Eqn.(1)

It is also clear that

VCB + VBE = VCE. -------------Eqn.(2)

This means that we need to measure only two voltages and two currents, as is indicated in the circuit diagram of Fig. 6.

REFERENCES
A suggested reference is Principles of Electronic Instrumentation, A. James Diefenderfer, pages 143​152 and 176​190.

APPARATUS
Op​Amp Designer Board, Transistor (2N3643), Thornton 6 range meter (100 A scale), milliammeter (0​25 mA), voltmeter, oscilloscope, 3 resistors (100 k, 470 , 47 ), 0.1 F capacitor, Thornton oscillator. 

SOME HELPFUL HINTS 

Figure 7 shows the pin connections of the transistor as seen from underneath. Keep in mind that you will be looking at the board and the transistor from above. 
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Figure 7: Pin connections of the Transistor, bottom view. 



The resistance value of a resistor is indicated by four colored bands using the following color code:
black = 0, brown = 1, red = 2, orange = 3, yellow = 4, 

green = 5, blue = 6, purple = 7, grey = 8, white = 9.

The first band gives the first digit of the resistance value, the second band the second digit, the third band the number of zeros following the first two digits, and the fourth band gives the margin of error allowed to the resistance value: A silver band indicates an accuracy of " 10 %, and a golden band an accuracy of " 5 %. As a base resistor you should thus use one with a brown band (1), followed by a black one (0), followed by yellow band (4 zeros) indicating a resistance of 1 0 0000 or 100 k. There should also be a silver band following the yellow, indicating that the accuracy of the resistance value is 10%.

Use the "Op​Amp Designer Board" to put together the circuits that you want to study. Make sure you understand the function of the various controls and the polarity of each element. If you need help please ask your instructor. The relevant components of the designer board and their internal connections are shown in Fig. 8. 
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Figure 8: Op-amp designer board. The small circles represent sockets that components can be plugged into. The lines show which of the sockets are interconnected underneath the board. The two upper slide resistors are connected to two independent power supplies whose output voltages, variable between 0 - 15 V, are present at the pin connectors beneath. The components marked with a cross are not used in this experiment. The horizontal rows of sockets should be interconnected in the middle with jumper wires as shown. Use the variable supply on the left to adjust the collector voltage VCE from zero to 10 V. 



PLEASE NOTE: The power supplies will put out a maximum voltage of 15 V that can overload the transistor. Don't exceed a collector voltage of 10 V in connection with the circuit shown in Fig. 6. 

WHAT TO DO
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Figure 9:Designer board with transistor, top view. 



MORE HINTS: The milliammeter measures IC, and the voltmeter can be moved to measure VCE or VBE. The power supply on the left can be adjusted from zero to 15 V. This means that the base current, IB, available through the 100 k resistor (105 ohms) in Fig. 6 will vary from zero to 150 microamps, it should be measured with the Thornton meter. Keep the connecting wires short and the wiring neat, this will make it easier to find wiring errors, (don't forget to strip off the insulation at the ends). Lay out your circuit from the beginning so that you can use it with minor alterations for all experiments: Identify the emitter lead and plug it into the top row of one of the columns in the lower half of the board as shown in Fig. 9 Plug the two remaining leads - without crossing them - into the bottom row of two different columns in the top half of the board. Seen from the top the base will now be on the right and the collector on the left. Use the variable power supply on the top left of the designer board to supply the collector voltage, and the one on the right to supply the base voltage (that way you don't need to cross the wires).
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Figure 10:Typical transistor characteristics. 



1). Using the circuit shown in Fig. 6, map the characteristics of the transistor by injecting a known current into the base of the transistor. For this first experiment replace the 47 (yellow, purple, black) and the 470 Ohm (yellow, purple, brown) resistors shown in Fig. 9 with short wire bridges. Use the base power supply to set IB to 20 A. Readjust the slide as necessary to keep IB at that value as you vary VCE with the upper left power supply in steps of 2 volts, while reading IC. Below 2 V the collector current varies very rapidly with the collector voltage. Don't measure in this region, it is outside the normal operating range of the transistor and of no interest. Repeat your measurements for IB = 40, 60, and 80 A. Do not let the collector current exceed 25 mA or you might damage the transistor. Plot your results to get a set of curves similar to the ones shown in Fig. 10. 

Look at your graph. After the steep rise (omitted in your plot) the collector current levels off. The value of IC in the flat parts is different for each IB. In fact, if VCE is held fixed, say at 6 V, IC is nearly proportional to IB. Check this by calculating the ratio IC/IB at VCE = 6 V for each value of IB. This ratio, usually given the symbol , is an important parameter called the base to emitter current gain of the transistor. 

 = IC/IB ------------Eqn.(3) 

(Taking into account that you measured IC in milliamps and IB in microamps,  should be between 50 and 200.) Extract from your plot values of  at various values of VCE and IC. Does  change much as a function of either variable? The circuit that you have built is a (nearly) linear current amplifier: IC is controlled by IB, is much larger than it and, over a considerable range, is nearly proportional to IB. 

2). Change the leads of the voltmeter to read VBE. Set the collector voltage VC to 10 V and use the right slide resistor to vary VBE, (without exceeding IC = 25 mA) . Note that, even though both base and collector current vary greatly, VBE remains nearly constant at about 0.6 V. No matter how much current is drawn, the base remains at nearly the same potential as the emitter.

Calculate the gain of a voltage amplifier as shown in Fig. 11, using RE = 47 , and RC = 470. This calculation requires some thought because a changing output voltage across RC results in a changing collector voltage VC. In Fig. 11 the voltages are defined with respect to the negative terminal of the power supply which we will call common or ground. If we want to refer to a voltage difference between two arbitrary points we use a double subscript, i.e. VCE = VC ​ VE. The currents are defined as before. First note some obvious approximations that you can make: From IB << IC follows:

IE ~ IC = IB -----------Eqn.(4)

From VBE << VCE follows;

VB ~ VE. ----------------Eqn.(5)

Referring to Fig. 11, you see that 

VE = RE IE ~ RE IB ~ VB. -----------------Eqn.(6)

From this you can calculate the input resistance Rin of the amplifier. This is an important quantity since it tells us how much current the input will draw if we apply a voltage to it.

Rin = VB/IB ~ VE/IB ~ RE. ---------------Eqn.(7)

A good voltage amplifier should have a large input resistance, otherwise it would load down the voltage that one wishes to amplify. It is comforting to see that in our amplifier the current amplification , which is of the order of 100, appears as a multiplicative factor in the expression for this resistance. You can also calculate IC:

IC = IB ~ VB/RE. ----------------Eqn.(8)

The collector voltage VC is obviously given by

VC = V - IC RC. ------------Eqn.(9)

But, what you really want to know is not the collector voltage but the output voltage, which we define as the change of the collector voltage that results from a given change of the input voltage. In other words we would like to know VC as a function of VB. Since V and RC are constants, we can write

VC = - RC Ic = - VB (RC/RE), ----------------------Eqn.(10)

where the minus sign indicates that a positive IC gives a negative VC. We can now calculate what is called the small signal voltage gain g of the amplifier

g = VC/VB = - RC/RE --------------------Eqn.(11)

Note that in this approximation, which holds only for the case  >> 1, the gain g is independent of the current gain  and is given simply by the ratio of two resistors. This is a very desirable feature: 

!The current gain varies from one transistor to the next whereas it is easy to make resistors that have a well defined value. 

!The current gain of a transistor varies with the collector current IC, resistors remain constant. 

!The current gain of a transistor varies with temperature. Resistors can be made to be temperature independent.

We have said above that in many applications the change of a signal is more important than its absolute value. This is especially true for signals that have a time average of zero. Such signals are called a.c. signals, (for a.c. = alternating current). The signals in an audio amplifier are a typical example. 
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Figure 11: Audio Amplifier 



3). Build an a.c. voltage amplifier with a voltage gain of 10. A gain of 10 means that the ratio RC/RE should be equal to 10, as it was in the previous experiment. When no a.c. input voltage is applied, the transistor voltages and currents should be near the center of the operating range that you have determined earlier. Reasonable values would be VC ~ 5 volts, and IC ~ 10 mA, allowing for both a positive and a negative swing of the time​varying output signal. Given a supply voltage of 15 V, a collector voltage of VC = 7.5 V at a current of IC = 10 mA implies a 5 V drop across RC. RC should, therefore, be about 500 . From RC = 500 , follows RE = 50 . The resistors used in the previous experiment, 470 and 47 , are close enough. Using these values build the circuit of Fig. 11. The 47  resistor is yellow​purple​black and the 470  resistor is yellow​purple​brown. Try to be neat to avoid wiring errors and accidental short circuits between adjacent wires. After you have turned down both power supplies connect them to your circuit. Check the circuit carefully, then turn on the power. Set the collector supply to 15 V, then raise the bias voltage until the bias current is ~ 50 A. (With the 47  and the 470  resistor in series with the transistor it is safe to exceed 10 V on the collector supply.) 

When the d.c. voltages and currents have been set you are ready to apply an a.c. signal: Connect one channel of the oscilloscope to the output of the oscillator and set the oscillator output to an amplitude of ~ 0.2 V. Be sure the dc offset control on the oscillator is set to zero. After verifying this value on the scope, connect the oscillator to the amplifier input. Connect the other channel of the oscilloscope to the Output terminal, i.e. to the collector, so that you can simultaneously view both the input and the output waveforms, using the ALT mode of the scope. As you probably know, a d.c. current cannot flow through a capacitor, but an a.c. current can. By using the 0.1 F capacitor, as shown in Fig. 11, you can introduce an a.c. signal without altering any of the d.c. levels. The amplitude of the output voltage should be 10 times larger than that of the input voltage but cannot be exceed about 6 volts for any input amplitude. Why? 

Once you have both the input and the output waveforms on the screen, compare their amplitudes using the calibrated sensitivity setting of the scope. (Be sure the variable sensitivity knobs on the scope inputs are in the fully clockwise CAL position.) 

· How big is the output to input ratio that you actually measure? 

· Compare the phase of the output waveform relative to the phase of the input waveform. Is it what you expected? 

Now take another look at Fig. 10. As IB gets bigger, so does IC. However, a larger value of IC means a smaller value of VCE due to voltage drop across the series resistors, (47  and 470 ). Indeed, IC cannot possibly get bigger than ICMAX = 15 V/(RC+RE) = 29 ma. Mark this value on your graph. Conversely, a small value of IB implies a small value of IC. A smaller IC in turn means a large value for VCE. The obvious limit is (VCE)max = 15 V, the voltage of the collector power supply. The intermediate values of IC and VEC one finds to lie along a straight line between the extremes. This straight line is the load line, shown in Fig. 10, and you should draw it on your graph. 

The supply voltage V must equal the sum of the voltage VCE across the transistor and the voltage drop across the two resistors RC and RE.

V = VCE(IC) + IC(RC + RB)

We cannot readily solve that equation because we have only the measured curves for the characteristic VC(IC), not a mathematical expression. If we write the same equation in the form

V - IC(RC + RB) = VCE(IC) 

we have on the left the mathematical expression for the load line as a function of the collector current, and on the right the expression for the measured collector voltage as a function of the collector current. The equal sign means that both expressions must be true simultaneously, even if the second one is not known to us in a mathematical form. We conclude that for any given base current the collector current must be given by the intersection of the characteristic for that base current and the load line. In other words the load line lets us solve graphically the equation that we could not solve mathematically.

Following are some suggestions for further exploration. Be systematic and keep careful notes of your observations and measurements. Take enough time to do a good job and don't feel that you have to do everything. Be sure to leave the right power supply set at 15 V.

FOR EXTRA CREDIT
a) Apply an a.c. signal of about 0.05 V amplitude (0.l V peak​to​peak) and vary the bias current IB. Watch the shape of the output waveform while keeping track of the d.c. part of VC. This can be done by viewing the output wave on the oscilloscope with the vertical input coupling turned to d.c. Note the values of IB, VCE, and the output amplitude at which the output wave​form begins to change. Can you predict from the measured transistor characteristics where the distortions will begin?

b) Increase the input amplitude and adjust the bias current until you have found the largest possible undistorted output amplitude. Write down this bias current and leave it unchanged. Mark the corresponding point on your load line and mark the limits of the swing along the load line when the output is just beginning to distort. (Note that you are measuring VC while the graph is in terms of VCE, so you must subtract VE from VC to plot on the graph.) Can you explain the distortion in terms of the graph? Can you see why other bias values might lead to distortions at lower amplitudes?

Introduction to Boolean Algebra


Boolean Algebra is a way of describing a circuit in the form of a mathematical formula. While this may sound difficult, it actually isn't difficult at all. The AND function is represented by a large dot (times sign), the OR function is represented by a plus sign, and the INVERTER function is represented by a line over top of the input. 
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This equation states that output A is equal to input B AND input C. The above symbol is the schematic symbol for an AND gate. 
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This equation states that output D is equal to input E OR input F. The above symbol is the schematic symbol for an OR gate. 
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This equation states that output G is equal to INVERTED H. The above symbol is the schematic symbol for an INVERTER gate. 

Boolean Algebra formulas do become more complicated, and can be manipulated by following specific rules that will be discussed later. These three symbols will permit us to write equations for more complicated devices. 
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The above is a two input AND (inputs A and B) and another two input AND (inputs C and D) both going into a two input OR gate who's output is E. The lines connecting the AND gates to the OR gate aren't required if the schematic is drawn so that their outputs are directly connected to the inputs of the OR gate. 
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The equation for the first AND gate is A*B and the equation for the second AND gate is C*D. Both of these are going into an OR gate who's output is E. Since A*B is one input to this OR gate, and the other is C*D, the equation for E becomes... 

E = (A * B) + (C * D) 

Note how the formula indicates A*B is one input to this OR gate, and the other is C*D. Consider this other other example. 
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Both of the inputs to the AND gate are two input OR gates. Remember the formula for an AND gate is input #1*input #2 and the formula for an OR gate is input #1+input #2. Because input #1 of the AND gate is F+G and input #2 is H+I, the formula for J is... 

J = (F + G) * (H + I) 



Basic Boolean Algebra Manipulation


Boolean Algebra equations can be manipulated by following a few basic rules. 

Manipulation Rules 
 A + B = B + A 
 A * B = B * A 
 (A + B) + C = A + (B + C) 
 (A * B) * C = A * (B * C) 
 A * (B + C) = (A * B) + (A * C) 
 A + (B * C) = (A + B) * (A + C) 

Equivalence Rules 
 = 
 A = A        (double negative) 
 A + A = A 
 A * A = A 
     _ 
 A * A = 0 
     _ 
 A + A = 1 

Rules with Logical Constants 
 0 + A = A 
 1 + A = 1 
 0 * A = 0 
 1 * A = A 

Many of these look identical to Matrix Operations in Linear Algebra. At any rate, this permits a circuit designer to create a circuit as it comes to their mind, then manipulate the formula to generate an equivalent circuit that does the same thing but requires less space. 

This can be illustrated using the 5th manipulation rule. 
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Using the rule, generating an equivalent circuit that does the exact same thing, but be less complicated, can be done with reasonable ease. 
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In the case of CMOS, the right hand side of the formula can also be manipulated, just always remember to invert. The manipulation occurs under the invert bar. 

     _________________ 
 D = (A * B) + (A * C) 

 is the same as... 
     ___________ 
 D = A * (B + C) 

The manipulation is done the exact same way. Once there is a simplified formula, using the rules with logical constants permit the placement of values directly into the formula to see what the answer is. For example, using the above non inverted formula, C is a logical 1. 

 D = A * (B + C) 
 D = A * (B + 1) 
 D = A * (1)            [1 + A = 1] 
 D = A                  [1 * A = A] 

If C is known to be a logical 1, anything OR logical 1 is always a logical 1. Since the minimum requirement is one input, once a single input is true (in this case C), the other inputs don't alter the result. On the other hand, the AND gate requires all inputs. With B+C true, the only other requirement is A. As the formula gave, D will be whatever A is. 



TRANSMISSION LINE TRANSFORMERS
	Theory
The earliest presentation on transmission line transformers was by Guanella in 1944 1. He proposed the concept of coiling transmission lines to form a choke that would suppress the undesired mode in balanced-to-unbalanced matching applications. His 1:1 balun, also known as the Basic Building Block, is shown in Figure 1. The choking reactance, which isolates the input form the output, is usually obtained by coiling the transmission line around a ferrite core or by threading the line through ferrite beads. The objectives, in practically all cases, are to have the characteristic impedance, Z0, of the transmission line equal to the value of the load RL, (which is called the optimum characteristic impedance) and to have the choking reactance much greater than RL (and hence Z0). Meeting these objectives results in a 'flat' line and hence maximum high-frequency response and maximum efficiency since conventional transformer currents are suppressed.
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Figure 1 - The Guanella 1:1 balun: the basic building block
 
By combining coiled transmission lines in parallel-series arrangements, Guanella was able to demonstrate very broadband baluns, with ratios of 1:n2 where n is the number of transmission lines. Figure 2 shows the schematic for his 1:4 balun. His simple and important statements, "a frequency independent transformation," which appeared in his paper, had been overlooked by almost everyone as is evidenced by the scarcity of information in the literature on his approach to this class of transformers. Using straight, beaded lines or having sufficient separation between bifilar windings on a core, results in near-ideal transformers. Further, Guanella's baluns can also be easily converted to very broadband ununs (unbalanced-to-unbalanced transformers) by accounting for their low-frequency circuit models.
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Figure 2 - The Guanella 1:4 balun
 
Ruthroff presented, in his classical 1959 paper 2, another technique for obtaining a 1:4 impedance transformation. It involved summing a direct voltage with a delayed voltage which traversed a single transmission line. Figure 3(A) shows his 1:4 unun and Figure 3(B) his 1:4 balun.
 
Figure 3(A) shows the basic building block connected in the 'boot-strap' configuration. By connecting terminal 3 to terminal 2, the transmission line is 'lifted up by its own boot-straps' to V1. The choking reactance of the winding prevents conventional transformer currents to flow resulting in a voltage of V1 + V2 across load RL. Figure 3(B) shows the basic building block connected in the 'phase-inverter' configuration. Since a negative potential gradient now exists along the transmission line, the voltage across the load RL is now V1 on the left side and -V2 on the right side.
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Figure 3(A)
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Figure 3(B)
Figure 3 - The Ruthroff 1:4 transformer: (A) Unun and (B) Balun
 
Since Ruthroff's transformers summed a delayed voltage with a direct voltage, his transformers had a built-in, high-frequency cut-off. Although his transformers don't have the inherent high-frequency response of Guanella's transformers (which sums voltages of equal delays), they are easier to construct and many of his ununs should find use in matching 50 ohms to 12.5 ohms in the 1.5MHz to 30MHz range. This also includes rod transformers which do not possess as high a choking reactance because of the much higher reluctance of the large air-path for the magnetic field. Further, Ruthroff's 'boot-strap' technique has been the basis for the author's very broadband fractional-ratio ununs which use higher-order winding (trifilar, quadrifilar, etc.).
 
 
1 - Guanella G. 'Novel Matching Systems for High Fequencies,' Brown-Boverie Review, Vol 31, September 1944, Pages 327-329
2 - Ruthroff CL, 'Some Broad-Band Transformers', Proc IRE, Vol 47, August 1959, pages 1337-1342 


TRANSMISSION LINE TRANSFORMERS
	Practical Consideration 

1. Transmission line transformers are basically low-impedance devices. In practice, characteristic impedances as low as 5 ohms and as high as200 ohms are obtainable. Thus broad bandwidths in the impedance-ratio range of 2.5:50 ohms and 50:1000 ohms are possible

2. Transmission line transformers are basically unilateral devices. For example, a 4:1 transformer (with 50 ohms at one terminal) is only designed to match 50 ohms to 12.5 ohms or 50 ohms to 200 ohms. It cannot handle both conditions. Only when the impedance-ratio is low, say 1.5:1, is bilateral operation practical. Even then the bandwidth in the favored direction is usually twice as great as in the other direction.

3. Since high-impedance transformers require higher choking reactances (and hence more turns) and characteristic impedances, they are generally larger and more difficult to construct. Their power ratings are not any greater than their low-impedance counterparts. In fact, their losses (which are dielectric) could be greater!

4. Broadband baluns operating at high-impedance and high-power levels are generally easier to design and construct than ununs (unbalanced-to-unbalanced transformers). Important considerations in either type of transformer requires an understanding of their low-frequency circuit models and trade-offs in efficiency for bandwidth.

5. In power applications where efficiency is an important consideration, only low-permeability nickel-zinc ferrites (40-300 range) have been found (by the author) to be required. Powdered iron, because of its very low permeability is not recommended for any transmission line transformer applications.

6. Transmission line transformers are completely different from their conventional transformer counterparts. They are a combination of RF chokes and a configuration of transmission lines. Therefore, their designs and applications involve conventional transmission line theory, RF choke limitation, core losses (dielectric) and parasitics.

7. Since one of the objectives in designing these transformers is to obtain the optimized characteristic impedance of the transmission lines (for maximum high-frequency response), the spacing between the conductors is generally a critical parameter. Therefore the thickness of the coatings on the wire as well as the use of other dielectrics like Teflon tubing and polyimide tape, play important roles. The electrical insulation properties which determine the voltage-breakdown capability, are only of secondary importance.

8. Because transmission line transformers are so efficient, they can be combined in many ways offering applications heretofore untried. These combinations could be in series (even on the same core) on in parallel. Their flexibility has yet to be explored. 
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Controlling Electrical Hazards


This article provides an overview of basic electrical safety for individuals with little or limited training or familiarity with electrical hazards. The concepts and principles presented will help further an understanding of OSHA's electrical safety standards for general industry, Title 29 Code of Federal Regulations (CFR), Part 1910.302, Sub-part S-Design Safety Standards for Electrical Systems, and 1910.331 Electrical Safety-Related Work Practices Standard (1990).
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Introduction 


This article provides an overview of basic electrical safety for individuals with little or limited training or familiarity with electrical hazards. The concepts and principles presented will help further an understanding of OSHA's electrical safety standards for general industry, Title 29 Code of Federal Regulations (CFR), Part 1910.302, Sub-part S-Design Safety Standards for Electrical Systems, and 1910.331 Electrical Safety-Related Work Practices Standard (1990). 

In general, OSHA'S electrical standards are based on the National Fire Protection Associations' Standard NFPA 70E, Electrical Safety Requirements for Employee Workplaces, and in turn, from the National Electrical Code (NEC). 

OSHA also has electrical standards for construction and maritime,1 but recommends that employers in these industries follow the general industry electrical standards whenever possible for hazards that are not addressed by their industry-specific standards. 

OSHA's electrical standards address concerns that electricity has long been recognized as a serious workplace hazard, exposing employees to such dangers as electric shock, electrocution, burns, fires, and explosions. In 1992, for example, the Bureau of Labor Statistics2 reported that 6,210 work-related deaths occurred in private sector workplaces employing 11 workers or more. Six percent of the fatalities, or around 347 deaths, were the direct result of electrocutions at work. What makes these statistics more tragic is that, for the most part, these fatalities could have been easily avoided. 

OSHA'S electrical standards help minimize these potential hazards by specifying safety aspects in the design and use of electrical equipment and systems. The standards cover only those parts of any electrical system that an employee would normally use or contact. For example, the exposed and/or operating elements of an electrical installation-lighting, equipment, motors, machines, appliances, switches, controls, and enclosures-must be constructed and installed so as to minimize workplace electrical dangers. 

For employers and employees in the 25 states operating OSHA'S approved workplace safety and health plans,3 their states may be enforcing standards and other procedures that while "at least effective" federal standards are not always identical to federal requirements. 
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How Electricity Acts? 


Electricity is essential to modem life, both at home and on the job. Some employees work with electricity directly, as is the case with engineers, electricians, electronic technicians, and power line workers. Others, such as office workers and sales-people, work with it indirectly. As a source of power, electricity is accepted without much thought to the hazards encountered. Perhaps because it has become such a familiar part of our surroundings, it often is not treated with the respect it deserves. 

To handle electricity safely, it is necessary to understand how it acts, how it can be directed, what hazards it presents, and how these hazards can be controlled. Operating an electric switch may be considered analogous to turning on a water faucet. Behind the faucet or switch there must be a source of water or electricity, with something to transport it, and with pressure to make it flow. In the case of water, the source is a reservoir or pumping station; the transportation is through pipes; and the force to make it flow is pressure, provided by a pump. For electricity, the source is the power generating station; current travels through electric conductors in the form of wires; and pressure, measured in volts, is provided by a generator. 

Resistance to the flow of electricity is measured in ohms and varies widely. It is determined by three factors: the nature of the substance itself, the length and cross-sectional area (size) of the substance, and the temperature of the substance. 

Some substances, such as metals, offer very little resistance to the flow of electric current and are called conductors. Other substances, such as bakelite, porcelain, pottery, and dry wood, offer such a high resistance that they can be used to prevent the flow of electric current and are called insulators.

Dry wood has a high resistance, but when saturated with water its resistance drops to the point where it will readily conduct electricity. The same thing is true of human skin.

When it is dry, skin has a fairly high resistance to electric current; but when it is moist, there is a radical drop in resistance. Pure water is a poor conductor, but small amounts of impurities, such as salt and acid (both of which are contained in perspiration), make it a ready conductor. When water is present either in the environment or on the skin, anyone working with electricity should exercise even more caution than they normally would. 
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How Shocks Occur? 


Electricity travels in closed circuits, and its normal route is through a conductor. Electric shock occurs when the body becomes a part of the electric circuit. The current must enter the body at one point and leave at another. Electric shock normally occurs in one of three ways. Individuals-while in contact with the ground- must come in contact with both wires of the electric circuit, one wire of an energized circuit and the ground, or a metallic part that has become "hot" by contact with an energized conductor. 

The metal parts of electric tools and machines may become energized if there is a break in the insulation of the tool or machine wiring. The worker using these tools and machines is made less vulnerable to electric shock when there is a low-resistance path from the metallic case of the tool or machine to the ground. This is done through the use of an equipment grounding conductor- a low-resistance wire that causes the unwanted current to pass directly to the ground, thereby greatly reducing the amount of current passing through the body of the person in contact with the tool or machine. If the equipment grounding conductor has been properly installed, it has a low resistance to ground, and the worker is protected. 
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Severity of the Shock 


The severity of the shock received when a person becomes a part of an electric circuit is affected by three primary factors: the amount of current flowing through the body (measured in amperes), the path of the current through the body, and the length of time the body is in the circuit. Other factors that may affect the severity of shock are the frequency of the current, the phase of the heart cycle when shock occurs, and the general health of the person. 

The effects of electric shock depend upon the type of circuit, its voltage, resistance, current, pathway through the body, and duration of the contact. Effects can range from a barely perceptible tingle to immediate cardiac arrest. Although there are no absolute limits or even known values that show the exact injury from any given current, the table shows the general relationship between the degree of injury and amount of current for a 60-cycle hand-to-foot path of one second's duration of shock. 

The table also illustrates that a difference of less than 100 milliamperes exists between a current that is barely perceptible and one that can kill. Muscular contraction caused by stimulation may not allow the victim to free himself or herself from the circuit, and the increased duration of exposure increases the dangers to the shock victim. For example, a current of 100 milliamperes for 3 seconds is equivalent to a current of 900 milliamperes applied for .03 seconds in causing ventricular fibrillation. The so-called low voltages can be extremely dangerous because, all other factors being equal, the degree of injury is proportional to the length of time the body is in the circuit. LOW VOLTAGE DOES NOT IMPLY LOW HAZARD! 

A severe shock can cause considerably more damage to the body than is visible. For example, a person may suffer internal hemorrhages and destruction of tissues, nerves, and muscles. In addition, shock is often only the beginning in a chain of events. The final injury may well be from a fall, cuts, burns, or broken bones.

	


	Effects of Electric Current in the Human Body

	


	Current
	Reaction

	

	1 Milliampere
	Perception level. Just a faint tingle.

	

	5 Milliamperes
	Slight shock felt; not painful but disturbing.

Average individual can let go. However, strong involuntary reactions to shocks in this range can lead to injuries.

	

	6-25 Milliamperes (women)
	Painful shock, muscular control is lost.

	

	9-30 Milliamperes (men)
	This is called the freezing current or "let-go" range.

	

	50-150 Milliamperes
	Extreme pain, respiratory arrest, severe muscular contractions.*
Individual cannot let go. Death is possible.

	

	1,000-4,300 Milliamperes
	Ventricular fibrillation. (The rhythmic pumping action of the heart ceases.) Muscular contraction and nerve damage occur. Death is most likely.

	

	10,000-Milliamperes
	Cardiac arrest, severe burns and probable death.

	



*If the extensor muscles are excited by the electric shock, the person may be thrown away from the circuit.
Source: W.B. Kouwenhoven, "Human Safety and Electric Shock," Electrical Safety Practices, Monograph, 112, Instrument Society of America, p. 93. (Papers delivered at the third presentation of the Electrical Safety Course given in Wilmington, DE, in November 1968.) 
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Burns and Other Injuries 


The most common shock-related injury is a burn. burns suffered in electrical accidents may be of three types: electrical burns, arc burns, and thermal contact burns.

Electrical burns are the result of the electric current flowing through tissues or bone. Tissue damage is caused by the heat generated by the current flow through the body. Electrical burns are one of the most serious injuries you can receive and should be given immediate attention. 

Arc or flash burns, on the other hand, are the result of high temperatures near the body and are produced by an electric arc or explosion. They should also be attended to promptly.

Finally, thermal contact burns are those normally experienced when the skin comes in contact with hot surfaces of overheated electric conductors, conduits, or other energized equipment. Additionally, clothing may be ignited in an electrical accident and a thermal burn will result. All three types of burns may be produced simultaneously.

Electric shock can also cause injuries of an indirect or secondary nature in which involuntary muscle reaction from the electric shock can cause bruises, bone fractures, and even death resulting from collisions or falls. In some cases, injuries caused by electric shock can be a contributory cause of delayed fatalities. 

In addition to shock and burn hazards, electricity poses other dangers. For example, when a short circuit occurs, hazards are created from the resulting arcs. If high current is involved, these arcs can cause injury or start a fire. Extremely high-energy arcs can damage equipment, causing fragmented metal to fly in all directions. Even low-energy arcs can cause violent explosions in atmospheres that contain flammable gases, vapors, or combustible dusts.
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Preventing Electrical Hazards 


[Insulation]  [Guarding]  [Grounding]  [Circuit Protection Devices]  [Safe Work Practices]  [Training]  [Overhead Lines]  
Electrical accidents appear to be caused by a combination of three possible factors- unsafe equipment and/or installation, workplaces made unsafe by the environment, and unsafe work practices. There are various ways of protecting people from the hazards caused by electricity. These include: insulation, guarding, grounding, electrical protective devices, and safe work practices.
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Insulation 


One way to safeguard individuals from electrically energized wires and parts is through insulation. An insulator is any material with high resistance to electric current.

Insulators-such as glass, mica, rubber, and plastic-are put on conductors to prevent shock, fires, and short circuits. Before employees prepare to work with electric equipment, it is always a good idea for them to check the insulation before making a connection to a power source to be sure there are no exposed wires. The insulation of flexible cords, such as extension cords, is particularly vulnerable to damage. 

The insulation that covers conductors is regulated by Subpart S of 29 Code of Federal Regulations (CFR) Part 1910.302, Design Safety Standards for Electrical Systems, as published in the Federal Register on January 16, 1981. 

Subpart S generally requires that circuit conductors (the material through which current flows) be insulated to prevent people from coming into accidental contact with the current. Also, the insulation should be suitable for the voltage and existing conditions, such as temperature, moisture, oil, gasoline, or corrosive fumes. All these factors must be evaluated before the proper choice of insulation can be made.

Conductors and cables are marked by the manufacturer to show the maximum voltage and American Wire Gage size, the type letter of the insulation, and the manufacturer's name or trademark. Insulation is often color coded. In general, insulated wires used as equipment grounding conductors are either continuous green or green with yellow stripes. The grounded conductors that complete a circuit are generally covered with continuous white or natural gray-colored insulation. The ungrounded conductors, or "hot wires," may be any color other than green, white, or gray. They are often colored black or red.
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Guarding 


Live parts of electric equipment operating at 50 volts or more must be guarded against accidental contact. Guarding of live parts may be accomplished by:

· location in a room, vault, or similar enclosure accessible only to qualified persons; 

· use of permanent, substantial partitions or screens to exclude unqualified persons; 

· location on a suitable balcony, gallery, or platform elevated and arranged to exclude unqualified persons; or 

· elevation of 8 feet (2.44 meters) or more above the floor. 

Entrances to rooms and other guarded locations containing exposed live parts must be marked with conspicuous warning signs forbidding unqualified persons to enter. 

Indoor electric wiring more than 600 volts and that is open to unqualified persons must be made with metal-enclosed equipment or enclosed in a vault or area controlled by a lock. In addition, equipment must be marked with appropriate caution signs.
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Grounding 


Grounding is another method of protecting employees from electric shock; however, it is normally a secondary protective measure. The "ground" refers to a conductive body, usually the earth, and means a conductive connection, whether intentional or accidental, by which an electric circuit or equipment is connected to earth or the ground plane. By "grounding" a tool or electrical system, a low-resistance path to the earth is intentionally created. When properly done, this path offers sufficiently low resistance and has sufficient current carrying capacity to prevent the buildup of voltages that may result in a personnel hazard. This does not guarantee that no one will receive a shock, be injured, or be killed. It will, however, substantially reduce the possibility of such accidents - especially when used in combination with other safety measures discussed in this booklet. 

There are two kinds of grounds required by Design Safety Standards for Electrical Systems (Subpart S). One of these is called the "service or system ground." In this instance, one wire-called "the neutral conductor" or "grounded conductor" - is grounded. In an ordinary low-voltage circuit, the white (or gray) wire is grounded at the generator or transformer and again at the service entrance of the building. This type of ground is primarily designed to protect machines, tools, and insulation against damage. 

To offer enhanced protection to the workers themselves, an additional ground, called the "equipment ground," must be furnished by providing another path from the tool or machine through which the current can flow to the ground. This additional ground safeguards the electric equipment operator in the event that a malfunction causes the metal frame of the tool to become accidentally energized. The resulting heavy surge of current will then activate the circuit protection devices and open the circuit. 
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Circuit Protection Devices 


Circuit protection devices are designed to automatically limit or shut off the flow of electricity in the event of a ground-fault, overload, or short circuit in the wiring system. Fuses, circuit breakers, and ground-fault circuit interrupters are three well-known examples of such devices. 

Fuses and circuit-breakers are over-current devices that are placed in circuits to monitor the amount of current that the circuit will carry. They automatically open or break the circuit when the amount of current flow becomes excessive and therefore unsafe. Fuses are designed to melt when too much current flows through them. Circuit breakers, on the other hand, are designed to trip open the circuit by electro-mechanical means. 

Fuses and circuit breakers are intended primarily for the protection of conductors and equipment. They prevent over-heating of wires and components that might otherwise create hazards for operators. They also open the circuit under certain hazardous ground-fault conditions. 

The ground-fault circuit interrupter, or GFCI, is designed to shutoff electric power within as little as 1/40 of a second. It works by comparing the amount of current going to electric equipment against the amount of current returning from the equipment along the circuit conductors. If the current difference exceeds 6 milliamperes, the GFCI interrupts the current quickly enough to prevent electrocution. The GFCI is used in high-risk areas such as wet locations and construction sites. 
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Safe Work Practices 


Employees and others working with electric equipment need to use safe work practices. These include: deenergizing electric equipment before inspecting or making repairs, using electric tools that are in good repair, using good judgment when working near energized lines, and using appropriate protective equipment. Electrical safety-related work practice requirements are contained in Subpart S of 29 CFR Part 1910, in Sections 1910.331-1910.335. 
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Training 


To ensure that they use safe work practices, employees must be aware of the electrical hazards to which they will be exposed. Employees must be trained in safety-related work practices as well as any other procedures necessary for safety from electrical hazards. 

Deenergizing Electrical Equipment. The accidental or unexpected sudden starting of electrical equipment can cause severe injury or death. Before ANY inspections or repairs are made -- even on the so-called low-voltage circuits-the current must be turned off at the switch box and the switch padlocked in the OFF position. At the same time, the switch or controls of the machine or other equipment being locked out of service must be securely tagged to show which equipment or circuits are being worked on.

Maintenance employees should be qualified electricians who have been well instructed in lockout procedures. No two locks should be alike; each key should fit only one lock, and only one key should be issued to each maintenance employee. If more than one employee is repairing a piece of equipment, each should lock out the switch with his or her own lock and never permit anyone else to remove it. The maintenance worker should at all times be certain that he or she is not exposing other employees to danger. 
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Overhead Lines 


If work is to be performed near overhead power lines, the lines must be deenergized and grounded by the owner or operator of the lines, or other protective measures must be provided before work is started. Protective measures (such as guarding or insulating the lines) must be designed to prevent employees from contacting the lines. 

Unqualified employees and mechanical equipment must stay at least 10 feet (3.05 meters) away from overhead power lines. If the voltage is more than 50,000 volts, the clearance must be increased by 4 inches (10 centimeters) for each additional 10,000 volts. 

When mechanical equipment is being operated near over-head lines, employees standing on the ground may not contact the equipment unless it is located so that the required clearance cannot be violated even at the maximum reach of the equipment. 

Protective Equipment. Employees whose occupations require them to work directly with electricity must use the personal protective equipment required for the jobs they perform. This equipment may consist of rubber insulating gloves, hoods, sleeves, matting, blankets, line hose, and industrial protective helmets. 

Tools. To maximize his or her own safety, an employee should always use tools that work properly. Tools must be inspected before use, and those found questionable, removed from service and properly tagged. Tools and other equipment should be regularly maintained. Inadequate maintenance can cause equipment to deteriorate, resulting in an unsafe condition.

Tools that are used by employees to handle energized conductors must be designed and constructed to withstand the voltages and stresses to which they are exposed.

Good Judgment. Perhaps the single most successful defense against electrical accidents is the continuous exercising of good judgment or common sense. All employees should be thoroughly familiar with the safety procedures for their particular jobs. When work is performed on electrical equipment, for example, some basic procedures are: 

1. Have the equipment deenergized. 

2. Ensure that the equipment remains deenergized by using some type of lockout and tag procedure. 

3. Use insulating protective equipment. 

4. Keep a safe distance from energized parts. 


[image: image62.png]


Conclusion 


The control of electrical hazards is an important part of every safety and health program. The measures suggested in this article should be of help in establishing such a program of control. The responsibility for this program should be delegated to individuals who have a complete knowledge of electricity, electrical work practices, and the appropriate OSHA standards for installation and performance. 

Everyone has the right to work in a safe environment. Through cooperative efforts, employers and employees can learn to identify and eliminate or control electrical hazards. 

Footnote(1)   0SHA'S Construction Standards, 29 CFR 1926, Subpart K-equivalent to those in Subpart S but contain fewer safety-related work practices-comprise electrical safety requirements. OSHA'S Maritime Standards, 29 CFR Parts 1915, 1917, 1918, and 1919 contain fewer electrical requirements. 

Footnote(2)   Fatal Workplace Injuries in 1995: A Collection of Data and Analysis, Table A- 15. Bureau of Labor Statistics Report 913. U.S. Department of Labor, Washington, DC. 

Footnote(3)   Section 18(b), P.L. 95-596, encourages states to develop and operate under OSHA guidance, job safety and health plans. An OSHA-approved state plan must have safety and health requirements a least as effective as those of Federal OSHA and must adopt, within 6 months of promulgation of federal standards, comparable state standards. 



This informational article is intended to provide a generic, non-exhaustive overview of a particular standards-related topic. This publication does not itself alter or determine compliance responsibilities, which are set forth in OSHA standards themselves and the Occupational Safety and Health Act. Moreover, because interpretations and enforcement policy may change over time, for additional guidance on OSHA compliance requirements, the reader should consult current administrative interpretations and decisions by the Occupational Safety and Health Review Commission and the courts. 

Material contained in this publication /article is in the public domain and may be reproduced, fully or partially, without permission of the Federal Government. Source credit (OSHA) is requested but not required. 

This information will be made available to sensory impaired individuals upon request. 

Voice phone: (202) 219-8615; 

Telecommunications Device for the Deaf (TDD) message referral phone: 1-800-326-2577. 
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	This written guide will help beginners and novices to obtain effective results when soldering electronic components. If you have little or no experience of using a soldering iron, then we recommend that you practice your soldering technique on some fresh surplus components and clean stripboard (protoboard), before experimenting with a proper constructional project. This will help you to avoid the risk of disappointment when you start to assemble your first prototypes. If you've never soldered before, then read on!
	
	

	


	[image: image67.png]


Types of Iron 

	Topics in this section include: Voltage, Wattage, Temperature Control, Soldering Stations, Anti-Static Protection, Bits (Tips), Spare Parts, and Gas-Powered Irons. 

The most fundamental skill needed to assemble any electronic project is that of soldering. It takes some practice to make the perfect joint, but, like riding a bicycle, once learned is never forgotten! The idea is simple: to join electrical parts together to form an electrical connection, using a molten mixture of lead and tin (solder) with a soldering iron. A large range of soldering irons is available -- which one is suitable for you depends on your budget and how serious your interest in electronics is.

Electronics catalogues often include a selection of well-known brands of soldering iron. Excellent British-made ones include the universally popular Antex, Adcola and Litesold makes. Other popular brands include those made by Weller and Ungar. A very basic mains electric soldering iron can cost from under 5 UK Pounds (8 US Dollars), but you can expect a reasonable model to be approximately 10 to 12 UKP (16 to 20 US Dollars), and it's quite possible to spend into three figures on a "soldering station" if you're really serious! You can check suppliers' catalogues for some typical types of iron. Certain factors you need to bear in mind include:

Voltage: Most irons run from the mains at 240V (110V in the US). However, low voltage types (e.g.
12V or 24V) generally form part of a "soldering station," and are designed to be used with a special controller made by the same manufacturer.

Wattage: Typically, soldering irons may have a power rating of between 15-25 watts or so, which is fine for most work. A higher wattage does not mean that the iron runs hotter -- it simply means that there is more power in reserve for coping with larger joints. This also depends partly on the design of the "bit" (the tip of the iron). Consider a higher wattage iron simply as being more "unstoppable" when it comes to heavier-duty work, because it won't cool down so quickly.

Temperature Control: The simplest and cheapest types don't have any form of temperature regulation. Simply plug them in and switch them on! Thermal regulation is "designed in" (by physics, not electronics!). These irons may be described as "thermally balanced" so that they have some degree of temperature "matching," but their output will otherwise not be controlled. Unregulated irons form an ideal general purpose iron for most users, and they generally cope well with printed circuit board soldering and general interwiring. Most of these "miniature" types of iron will be of little use when attempting to solder large joints (e.g. very large terminals or very thick wires) because the component being soldered will "sink" heat away from the tip of the iron, cooling it down too much. (This is where a higher wattage comes in useful.)

A proper temperature-controlled iron will be quite a lot more expensive -- retailing at say 40 UKP (60 USD) or more. This type of iron will have some form of built-in thermostatic control, to ensure that the temperature of the bit (the tip of the iron) is maintained at a fixed level (within limits). This is desirable, especially during more frequent use, since it helps to ensure that the temperature does not "overshoot" in between times, and also guarantees that the output will be relatively stable. Some irons have a bimetallic strip thermostat built into the handle which gives an audible "click" in use: other types use all-electronic controllers, and some may be adjustable using a screwdriver.

Yet more expensive still, soldering stations cost from 70 UKP (115 USD) upwards (the iron may
be sold separately, so you can pick the type you prefer). Soldering stations consist of a complete bench-top control unit into which a special low-voltage soldering iron is plugged. Some versions might have a built-in digital temperature readout, and will have a control knob to enable you to vary the setting. The temperature could be boosted for soldering larger joints, for example, or for using higher melting-point solders (e.g. silver solder). These are designed for the most discerning users, or for continuous production line and professional use. The best stations have irons which are well balanced, with comfort-grip handles which remain cool all day. A thermocouple will be built into the tip or shaft, which monitors temperature.

Anti-Static Protection: If you're interested in soldering a lot of static-sensitive parts (e.g. CMOS chips or MOSFET transistors), more advanced and expensive soldering iron stations use static-dissipative
materials in their construction to ensure that static does not build up on the iron itself. You may see these listed as "ESD safe" (electrostatic discharge proof). The cheapest irons won't necessarily be ESD-safe but never the less will still probably perform perfectly well in most hobby or educational applications if you take the usual anti-static precautions when handling the components. The tip would need to be well earthed (grounded) in these circumstances.

Bits: It's useful to have a small selection of manufacturer's bits (soldering iron tips) available with different diameters or shapes, which can be changed depending on the type of work in hand. You'll probably find that you become accustomed to, and work best with, a particular shape of tip. Often, tips are iron-coated to preserve their life, or they may be bright-plated instead. Copper tips are seldom seen these days.

Spare Parts: it's nice to know that spare parts may be available, so if the element blows, you don't need to replace the entire iron. This is especially so with expensive irons. Check through some of the larger mail-order catalogues.

Gas-Powered Irons: You will occasionally see gas-powered soldering irons which use butane rather than the mains electrical supply to operate. They have a catalytic element which, once warmed up, continues to glow hot when gas passes over them. Service engineers use them for working on repairs where there may be no power available, or where a joint is tricky to reach with a normal iron, so they are really for occasional "on the spot" use for quick repairs, rather than for mainstream construction or assembly work. 
And Finally: A solder gun is a pistol-shaped iron, typically running at 100W or more, and is completely unsuitable for soldering modern electronic components: they're too hot, heavy and unwieldy for micro-electronics use. Plumbing, maybe..!

Soldering irons are best used along with a heat-resistant bench-type holder, so that the hot iron can be safely parked in between use. Soldering stations already have this feature, otherwise a separate soldering iron stand is essential, preferably one with a holder for tip-cleaning sponges. Now let's look at how to use soldering irons properly, and how to put things right when a joint goes wrong ......
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How to Solder 

	Topics in this section include: Quick Summary Guide, Cleanliness of Components, Temperature, Time, and Amount. 

Quick Summary Guide: Turning to the actual techniques of soldering, firstly it's best to secure the work somehow so that it doesn't move during soldering and affect your accuracy. In the case of a printed circuit board, various holding frames are fairly popular especially with densely populated boards. The idea with a holding frame is to insert all the parts on one side (this may be referred to as "stuffing" or "populating" the board), hold them in place with a special foam pad to prevent them from falling out, turn the board over, and then snip off the wires with cutters before making the joints. The frame saves an awful lot of turning the board over and back again, especially with large boards. Other parts could be held firm in a modeller's small vice, for example.

Solder joints may need to possess some degree of mechanical strength in some cases, especially with wires soldered to, say, potentiometer or switch tags, and this means that the wire should be looped through the tag and secured before solder is applied. The down side is that it is more difficult to desolder the joint (see later) and remove the wire afterwards, if required. Otherwise, in the case of an ordinary circuit board, components' wires are bent to fit through the board, inserted flush against the board's surface, splayed outwards a little so that the part grips the board, and then soldered. 

In my view -- opinions vary -- it's generally better to snip the surplus wires leads off first, to make the joint more accessible and avoid applying a mechanical shock to the printed circuit board (PCB) joint. However, in the case of
semiconductors, I often tend to leave the snipping until after the joint has been made, since the excess wire will help to sink away some of the heat from the semiconductor junction. Integrated circuits can either be soldered directly into place if you are confident enough, or better, use a dual-in-line socket to prevent heat damage. The chip can then be swapped out if needed.

Parts which become hot in operation (e.g. some resistors), are raised above the board slightly to allow air to circulate. Some components, especially large electrolytic capacitors, may require a mounting clip to be screwed down to the board first, otherwise the part may eventually break off due to vibration.

The perfectly soldered joint will be nice and shiny looking, and will prove reliable in service. I would say that the key factors affecting the quality of the joint are:
o) Cleanliness
o) Temperature
o) Duration
o) Adequate solder coverage
A little effort spent now in soldering the perfect joint may save you -- or somebody else -- a considerable amount of time in troubleshooting a defective joint in the future. The basic principles are as follows.

Really Clean: Firstly, and without exception, all parts -- including the iron tip itself -- must be clean and free from contamination. Solder just will not "take" to dirty parts! Old components or copper board can be notoriously difficult to solder, because of the layer of oxidation which builds up on the surface of the leads. This repels the molten solder and this will soon be evident because the solder will "bead" into globules, going everywhere except where you need it. Dirt is the enemy of a good quality soldered joint!

Hence, it is an absolute necessity to ensure that parts are free from grease, oxidation and other contamination. In the case of old resistors or capacitors, for example, where the leads have started to oxidise, use a small hand-held file or perhaps scrape a knife blade or rub a fine emery cloth over them to reveal fresh metal underneath. Stripboard and copper printed circuit board will generally oxidise after a few months, especially if it has been fingerprinted, and the copper strips can be cleaned using an abrasive rubber block, like an aggressive eraser, to reveal fresh shiny copper underneath.

Also available is a fibre-glass filament brush, which is used propelling-pencil-like to remove any surface contamination. These tend to produce tiny particles which are highly irritating to skin, so avoid accidental contact with any debris. Afterwards, a wipe with a rag soaked in cleaning solvent will remove most grease marks and fingerprints. After preparing the surfaces, avoid touching the parts afterwards if at all possible.

Another side effect of having dirty surfaces is the tendency for people to want to apply more heat in an attempt to "force the solder to take." This will often do more harm than good because it may not be possible to burn off any contaminants anyway, and the component may be overheated. In the case of semiconductors, temperature is quite critical and they may be harmed by applying such excessive heat.

Before using the iron to make a joint, it should be "tinned" (coated with solder) by applying a few millimetres of solder, then wiped on a damp sponge preparing it for use: you should always do this
immediately with a new bit, anyway. Personally, I always re-apply a very small amount of solder again, mainly to improve the thermal contact between the iron and the joint, so that the solder will flow more quickly and easily. It's sometimes better to tin larger parts as well before making the joint itself, but it isn't generally necessary with PCB work. A worthwhile product is Weller's Tip Tinner & Cleaner, a small 15 gram tinlet of paste onto which you dab a hot iron -- the product cleans and
tins the iron ready for use. An equivalent is Adcola Tip-Save.

Normal electronics grade solder is usually 60% lead - 40% tin, and it contains cores of "flux," which helps the molten solder to flow more easily over the joint. Flux removes oxides which arise during
heating, and is seen as a brown fluid bubbling away on the joint. Acid fluxes (e.g. as used by plumbers) must never be applied. Other solders are available for specialist work, including aluminium and silver-solder. Different solder diameters are produced, too; 20-22 SWG (19-21 AWG) is 0.91-0.71mm diameter and is fine for most work. Choose 18 SWG (16 AWG) for larger joints requiring more solder.

Temperature: Another step to successful soldering is to ensure that the temperature of all the parts is raised to roughly the same level before applying solder. Imagine, for instance, trying to solder a resistor into place on a printed circuit board: it's far better to heat both the copper PCB and the resistor lead at the same time before applying solder, so that the solder will flow much more readily over the joint. Heating one part but not the other is far less satisfactory joint, so strive to ensure that the iron is in contact with all the components first, before touching the solder to it. The melting point of most solder is in the region of 188°C (370°F) and the iron tip temperature is typically 330°C to 350°C (626°F to 662°F).

Now is the time: Next, the joint should be heated with the bit for just the right amount of time -- during which a short length of solder is applied to the joint. Do not use the iron to carry molten solder over to the joint! Excessive time will damage the component and perhaps the circuit board copper foil too! Heat the joint with the tip of the iron, then continue heating whilst applying solder, then remove the iron and allow the joint to cool. This should take only a few seconds, with experience. The heating period depends on the temperature of your iron and size of the joint -- and larger parts need more heat than smaller ones -- but some parts (semiconductor diodes, transistors and integrated circuits), are sensitive to heat and should not be heated for more than a few seconds. Novices sometimes buy a small clip-on heat-shunt, which resembles a pair of aluminium tweezers. In the case of, say, a transistor, the shunt is attached to one of the leads near to the transistor's body. Any excess heat then diverts up the heat shunt instead of into the transistor junction, thereby saving the device
from over-heating. Beginners find them reassuring until they've gained more experience.

Solder Coverage: The final key to a successful solder joint is to apply an appropriate amount of solder. Too much solder is an unnecessary waste and may cause short circuits with adjacent joints. Too little and it may not support the component properly, or may not fully form a working joint. How much to apply, only really comes with practice. A few millimetres only, is enough for an "average" PCB joint, (if there is such a thing).
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How to Desolder 

	A soldered joint which is improperly made will be electrically "noisy," unreliable, and is likely to get worse over time. It may even not have made any electrical connection at all, or could work initially and then cause the equipment to fail at a later date! It can be hard to judge the quality of a solder joint purely by appearances, because you cannot say how the joint actually formed on the inside, but by following the guidelines there is no reason why you should not obtain perfect results.

A joint which is poorly formed is often called a "dry joint." Such a joint usually results from dirt or grease preventing the solder from melting onto the parts properly, and is often noticeable because of the tendency of the solder not to "spread," but to form beads or globules instead, perhaps partially. Alternatively, if it seems to take an inordinately long time for the solder to spread, this is another sign of possible dirt and that the joint may potentially be a dry one.

There will undoubtedly come a time when you need to remove the solder from a joint: possibly to replace a faulty component or fix a dry joint. The usual way is to use a desoldering pump which works like a small spring-loaded bicycle pump, only in reverse! (More demanding users using CMOS devices might need a pump which is ESD safe.) A spring-loaded plunger is released at the push of a button and the molten solder is then drawn up into the pump. It may take one or two attempts to clean up a joint this way, but a small desoldering pump is an invaluable tool especially for PCB work.

Sometimes, it's effective to actually add more solder and then desolder the whole lot with a pump, if the solder is particularly awkward to remove. Care is needed, though, to ensure that the boards and parts are not damaged by excessive heat; the pumps themselves have a P.T.F.E. nozzle which is heat proof but may need replacing occasionally.

An excellent alternative to a pump is to use desoldering braid, including the famous American "Soder-Wick" (sic) or Adcola "TISA-Wick" which are packaged in small dispenser reels. This product is a specially treated fine copper braid which draws molten solder up into the braid where it solidifies. The best way is to use the tip of the hot iron to press a short length of braid down onto the joint to be desoldered. The iron will subsequently melt the solder, which will be drawn up into the braid. Take extreme care to ensure that you don't allow the solder to cool with the braid adhering to the work, or you run the risk of damaging PCB copper tracks when you attempt to pull the braid off the joint.

I recommend buying a small reel of de-soldering braid, especially for larger or difficult joints which would take several attempts with a pump. It is surprisingly effective, especially on difficult joints where a desoldering pump may prove a struggle.
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Summary 

	Here's a summary of how to make the perfect solder joint: 

1. All parts must be clean and free from dirt and grease.
2. Try to secure the work firmly.
3. "Tin" the iron tip with a small amount of solder. Do this immediately, with new tips being used for the first time.
4. Clean the tip of the hot soldering iron on a damp sponge (many people then add a tiny amount of fresh solder to the cleansed tip).
5. Heat all parts of the joint with the iron for under a second or so.
6. Continue heating, then apply sufficient solder only, to form an adequate joint.
7. Remove and return the iron safely to its stand.
8. It only takes two or three seconds at most, to solder the average PCB joint.
9. Do not move parts until the solder has cooled. 
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Troubleshooting Guide 

	The solder won't "take": If grease or dirt are present, desolder and clean up the parts. Or, the material may simply not be suitable for soldering with lead/tin solder. 

The joint is crystalline or grainy-looking: The parts forming the joint may have been moved before being allowed to cool, or the joint was not heated adequately (too small an iron or too large a joint).
The solder joint forms a "spike": The joint was probably overheated, burning away the flux.
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First Aid 

	If you are unlucky enough to receive burns which require treatment, here's what to do:
1. Immediately cool the affected area with cold running water, ice, or even frozen peas, for ten minutes. 

2. Remove any rings etc. before swelling starts. 

3. Apply a sterile dressing to protect against infection. 
4. Do not apply lotions, ointments etc., nor prick any blisters which form later. 

5. Seek professional medical advice where necessary.
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Photo Gallery 


	


	

	Soldering is a delicate manual skill which only comes with practice. Remember that your ability to solder effectively will determine directly how well the prototype or product functions during its
lifespan. Poor soldering can be an expensive business - causing product failure and downtime, engineer's maintenance time and customer dissatisfaction. At hobbyist level, bad soldering technique can be a cause of major disappointment which damages your confidence. It needn't be like that: soldering is really easy to learn, and like learning to ride a bike, once mastered is never forgotten! These ten photos illustrate the basic steps in making a perfect solder joint on a PCB. If you're a beginner, our advice is that it's best to practice your soldering technique using some clean, new parts with perhaps some new stripboard (protoboard). Be sure to avoid using old, dirty parts; these can be difficult if not impossible to solder. 

Enjoy! -- Alan Winstanley.
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Boards must be clean to begin with, especially if they're not previously "tinned" with solder. Clean the copper tracks using e.g. an abrasive rubber block.
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	Clean the iron "bit" (tip) using a damp sponge. The iron featured here is an Ungar Concept 2100 Soldering Station.
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	A useful product is Multicore's Tip Tinner Cleaner (TTC) - a 15 gramme tin of special paste which cleans and "tins" the iron, in one go.
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	Insert the components and splay the leads so that the part is held in place.
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	It's usually best to snip the wires to length prior to soldering. This helps prevent transmitting mechanical shocks to the copper foil.
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	Apply a clean iron tip to the copper and the lead, in order to heat both items at the same time.
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	Continue heating and apply a few millimetres of solder. Remove the iron and allow the solder joint to cool naturally.
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	It only takes a second or two, to make the perfect joint, which should be nice and shiny. Check the Guide for troubleshooting help.
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	An example of a "dry" joint - the solder failed to flow, and instead beaded to form globules around the wire.
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	"Solder Wick" is a cheap and very effective way of desoldering a joint. Take care not to overheat the board. Alternatively, use a desoldering pump.
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Contacting the Author 

	This guide was written by Alan Winstanley, email alan@epemag.demon.co.uk 
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Copyright Notice & Disclaimer 

	The Basic Soldering Guide is © 1996/7/8/9 Wimborne Publishing Limited, publishers of Everyday Practical Electronics/ ETI magazine, Wimborne, Dorset, England (http://www.epemag.wimborne.co.uk) and reproduced by permission. The Basic Soldering Guide photographs are (c) 1999 Copyright Alan Winstanley (alan@epemag.demon.co.uk) and reproduced by permission.
You are welcome to download it, print it and distribute it for personal or educational use. It may not be used in any commercial publication, mirrored on any commercial site, nor may it be appended to or amended, or used or distributed for any commercial reason, without the prior permission of the Publishers.

Every care has been taken to ensure that the information and guidance given is accurate and reliable, but since conditions of use are beyond our control, no legal liability or consequential claims will be
accepted for any errors herein.

The British mains voltage supply is 230V a.c. -- you should amend ratings for local conditions.


	For any interested photographers: the photographs were taken by the author using a Minolta X-700 SLR with 50mm Minolta MC manual-focus macro lens at f11-16, coupled to a Minolta Auto 80PX macro ring flash gun. Film was Kodak Gold 200. The prints were scanned using an HP Scanjet 4C flatbed scanner, and enhanced using JASC Paintshop Pro 4.1. V1.1
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PCBs Fabrication Methods (How to make Printed Circuit Board)
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Printed Circuit Board (PCB) is a mechanical assembly consisting of layers of fiberglass sheet laminated with etched copper patterns. It is used to mount electronic parts in a rigid manner suitable for packaging. Also known as a Printed Wiring Board (PWB). 
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Project 
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Schematic Diagram 
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A schematic diagram must be made available that shows the connection of the parts on the board. Each part on the schematic should have a reference designator that matches the one shown on the Bill of Materials (BOM). Many schematic layout programs will allow automatic generation of the BOM.
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Part List - Bill of Materials (BOM) 



The parts to be mounted on the PCB should be detailed on the parts list. Each part should be identified by a unique reference designator and a part description (i.e. a resistor might be shown as reference designator "R1" with a description of "1/2 Watt Carbon Film resistor"). Any additional information useful to the assembly process can be included on this list, such as mounting hardware, part spacers, connector shrouds, or any other material not shown in the schematic diagram. 
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Choose components from Data Sheets 



Part manufacturers provide data sheets to be used by the circuit designer to select parts for the circuit. If we are to be able to design the PCB, these sheets should also have the physical dimensions of the part included. Normally you could find datasheets from manufacturers web sites. If each part type to be used on the board does not have a data sheet, you should procure a sample part you can measure to define this data yourself. This measurment method is far less accurate than using the part manufacturer's information, especially if there is a large tolerance on the part, but it is better than just guessing. 
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Choose Board type and dimension 


[Material] [Layers] 

A functional PCB is not a finished product. It will always require connections to the outside world to get power, exchange information, or display results. It will need to fit into a case or slide into a rack to perform it's function. There may be areas that will require height restrictions on the board (such as a battery holder molded into the case or rails in a rack the board is supposed to slide into). Tooling holes and keep-out areas may be required in the board for assembly or manufacturing processes. All these outside factors need to be defined before the board can be designed, including the maximum dimensions of the board and the locations of connectors, displays, mounting brackets, or any other external features.
The function of a PCB includes the thickness of the copper laminated to the surfaces. The amount of current carried by the board dictates the thickness of this copper foil. Normally the thickness of the copper foil is standard.
Also you can choose between different board types for material and number of layers: 
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Material 


[Fibreglass] [Phenolic] 
· Fibreglass
Fibreglass-resin laminate (FR4). A rigid PCB of thickness 1.6mm (conventional) or 0.8mm. 

· Phenolic
As distinct from Fibreglass, Phenolic is a cheaper PCB laminate material. A rigid PCB of thickness 1.6mm (conventional) or 0.8mm. 
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Layers 


[Single side Laminate (conventional)] [Double sided Laminate] [Multi-Layer] 
· Single side Laminate
One layer of copper. Normally the wire-leaded components must be mounted on only one side of the PCB, with all the leads through holes, soldered and clipped. You can also mount the components on the track surface using Surface Mount Technology (SMT) or Surface Mount devices (SMD). Surface mount circuitry is generally smaller than conventional. Surface mount is generally more suited to automated assembly than conventional. In practice, most boards are a mix of surface mount and conventional components. This can have its disadvantages as the two technologies require different methods of insertion and soldering. Conventional circuitry is generally easier to debug and repair. 

· Double sided Laminate
Two layers of copper, one each side of the board. The components must be mounted on only one side of the PCB but you can also mount components on both sides of the PCB. Normally only surface mount circuitry would be mounted on both sides of a PCB. The components must be mounted using both through-holes tecnology or Surface Mount Technology (SMT) or Surface Mount devices (SMD). Conventional circuitry is generally easier to debug and repair. 

· Multi-Layer
A PCB Laminate may be manufactured with more than two layers of copper tracks by using a sandwich construction. The cost of the laminate reflects the number of layers. The extra layers may be used to route more complicated circuitry, and/or distribute the power supply more effectively. 
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Draw the PCB layout 


[Placing Components] [Placing Power and Ground Traces] [Placing Signal Traces] [Checking Your Work] 

The PCB layout can be draw either manually or by ECAD (Electronic - Computer Aid Design) software. The manual process is useful and quick only for very easy PCBs, for more complex PCBs I suggest the second way. Nowadays inexpensive computer software can handle all aspect of PCBs pre-processing. Also is available expensive professional computer software that can direct control the fabrication processing tools (e.g.: drilling machine). 
A few general rules of thumb that can be used when laying out PC boards are: 
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Placing Components 



Generally, it is best to place parts only on the top side of the board.
First place all the components that need to be in specific locations. This includes connectors, switches, LEDs, mounting holes, heat sinks or any other item that mounts to an external location.
Give careful of thought when placing component to minimize trace lengths. Put parts next to each other that connect to each other. Doing a good job here will make laying the traces much easier.

Arrange ICs in only one or two orientations: up and down, or, right and left. Align each IC so that pin one is in the same place for each orientation, usually on the top or left sides.
Position polarized parts (i.e. diodes, and electrolytic caps) with the positive leads all having the same orientation. Also use a square pad to mark the positive leads of these components.

You will save a lot of time by leaving generous space between ICs for traces. Frequently the beginner runs out of room when routing traces. Leave 0.350" - 0.500" between ICs, for large ICs allow even more.

Parts not found in the component library can be made by placing a series of individual pads and then grouping them together. Place one pad for each lead of the component. It is very important to measure the pin spacing and pin diameters as accurately as possible. Typically, dial or digital calipers are used for this job.

When choosing a pad and hole size for the pin of component, keep in mind that the hole size refers to the drill size used when the board is made. After the hole is plated, the diameter will shrink by 0.005" - 0.007". To the pin diameter, add 0.008" or more when selecting a hole size.
After placing all the components, print out a copy of the layout. Place each component on top of the layout. Check to insure that you have allowed enough space for every part to rest without touching each other. 
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Placing Power and Ground Traces 



After the components are placed, the next step is to lay the power and ground traces. It is essential when working with ICs to have solid power and ground lines, using wide traces that connect to common rails for each supply. It is very important to avoid snaking or daisy chaining the power lines from part-to-part.

One common configuration is to use the bottom layer of the PC board for both the power and ground traces. A power rail can be run along the front edge of the board and a ground rail along the rear edge. From these rails attach traces that run in between the ICs. The ground rail should be very wide, perhaps 0.100", and all the other supply lines must be 0.050". When using this configuration, the remainder of the bottom layer is then reserved for the vertical signal traces. 
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Placing Signal Traces 



The process to connect the parts together is known as routing and can be done manually or automatically.
If you use autorouter software it's a good idea to route critical signals by hand. This allows the signal to be routed with less bends and vias than if the autorouter does it. Some signals may require special treatment such as grounding or specific lengths that may be easier to do before autorouting than after. These traces should be flagged as fixed so the autorouter doesn't move them.

When placing traces, it is always a good practice to make them as short and direct as possible.
Use vias (also called feed-through holes) to move signals from one layer to the other. A via is a pad with a plated-through hole.
Generally, the best strategy is to layout a board with vertical traces on one side and horizontal traces on the other. Add via where needed to connect a horizontal trace to a vertical trace on the opposite side.
A good trace width for low current digital and analog signals is 0.012".
Traces that carry significant current should be wider than signal traces.
The table below gives rough guidelines of how wide to make a trace for a given amount of current.

	Trace Width [inches]

	Current [A]

	0.010
	0.3

	0.015
	0.4

	0.020
	0.7

	0.025
	1.0

	0.050
	2.0

	0.100
	4.0

	0.150
	6.0



When placing a trace, it is very important to think about the space between the trace and any adjacent traces or pads. You want to make sure that there is a minimum gap of 0.007" between items, 0.010" is better. Leaving less blank space runs the risk of a short developing in the board manufacturing process. It is also necessary to leave larger gaps when working with high voltage.
It is a common practice to restrict the direction that traces run to horizontal, vertical, or at 45 degree angles.
When placing narrow traces, 0.025" or less, avoid sharp right angle turns. The problem here is that in the board manufacturing process, the outside corner is often etched too narrow. The solution is to use two 45 degree bends with a short leg in between.
It is good idea to place text on the top layer of your board, such as a product or company name. Text on the top layer can be helpful to insure that there is no confusion as to which layer is which when the board is manufactured. 
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Checking Your Work 



After all the traces are placed, it is best to double check the routing of every signal to verify that nothing is missing or incorrectly wired. Do this by running through your schematic, one wire at a time. Carefully follow the path of each trace on your PC layout to verify that it is the same as on your schematic. After each trace is confirmed, mark that signal on the schematic with a yellow highlighter.
Inspect your layout, both top and bottom, to insure that the gap between every item (pad to pad, pad to trace, trace to trace) is 0.007" or greater. 
Check for missing vias. An easy way to check for missing via is to first print the top layer, then print the bottom. Visually inspect each side for traces that don't connect to anything. When a missing via is found, insert one.
Check for traces that cross each other. This is easily done by inspecting a printout of each layer.
Metal components such as heat sinks, crystals, switches, batteries and connectors can cause shorts if they are place over traces on the top layer. Inspect for these shorts by placing all the metal components on a printout of the top layer. Then look for traces that run below the metal components. 
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Draw Fabrication scheme 



The fabrication drawing should show the dimensions of the board in reference to the datum tool hole. It should also show a graphic representation for each hole on the board, using a different symbol for each hole size and including a table showing the quantity of each hole size. This drawing will be used by the board manufacturer in addition to the data files generated in the post-processing phase. 
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Draw Assembly scheme 



You may also need to create an assembly drawing to aid in building and repairing the board. This should show the outlines of the parts on the board, including their reference designators. It also should contain any special assembly instructions, such as mounting hardware and connector shells. Many companies require these drawings, others just use copies of the silkscreen legend. 
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Different methods to make PCBs 
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Etching 


 
Etching is probably the easiest and most cost effective.
Etching is the process of chemically removing the unwanted copper from a plated board. You must put a mask or resist on the portions of the copper that you want to remain after the etch. These portions that remain on the board are the traces that carry electrical current between devices. 
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Etching 



Possible etching solutions include the following:

· Ferric Chloride
It's messy stuff but easier to get and cheaper than most alternatives. It attacks ANY metal including stainless steel, so when setting up a PCB etching area, use a plastic or ceramic sink, with plastic fittings & screws wherever possible, and seal any metal screws etc. with silicone. If copper water pipes may get splashed or dripped, sleeve or cover them in plastic. Fume extraction is not normally required, although a cover over the tank or tray when not in use is a good idea.
You should always use the hexahydrate type of ferric chloride, which is light yellow, and comes as powder or granules, which should be dissolved in warm water until no more will dissolve. Adding a teaspoon of table salt helps to make the etchant clearer for easier inspection.
Anhydrous ferric chloride is sometimes encountered, which is a green-brown powder. Avoid this stuff if at all possible use extreme caution, as it creates a lot of heat when dissolved - always add the powder very slowly to water, do not add water to the powder, and use gloves and safety glasses  You may find that solution made from anhydrous FeCl doesn't etch at all, if so, you need to add a small amount of hydrochloric acid and leave it for a day or two.
Always take extreme care to avoid splashing when dissolving either type of FeCl - it tends to clump together and you often get big chunks coming out of the container & splashing into the solution. It will damage eyes and  permanently stain clothing and pretty much anything else - use gloves and safety glasses and wash off any skin splashes immediately
If you're making PCBs in a professional environment, where time is money, you really should get a heated bubble-etch tank. With fresh hot ferric chloride, a PCB will etch in well under 5 minutes, compared to up to an hour without heat or agitation. Fast etching also produces better edge quality and consistent line widths.
If you aren't using a bubble tank, you need to agitate frequently to ensure even etching. Warm the etchant by putting the etching tray inside a larger tray filled with boiling water - you want the etchant to be at least 30-60°C for sensible etch times.
For more information on Ferric Chloride click here.

· Ammonium Persulfate.
Sodium Persulfate Etchant is supplied as a dry, easily mixed etchant for copper clad printed circuit boards and other copper bearing materials. When used in conjunction with the catalyst, a very constant etch rate can be maintained throughout the life of the bath. After mixing, the bath has a practical life of about three (3) weeks and a copper capacity of approximately four to five (4-5) ounces of copper per gallon (29.96 - 37.45 grams / liter) of etchant.
Sodium Persulfate Etchant, when compared to Ferric Chloride and other copper etchants, has several distinct advantages. 
Cleanliness: Sodium Persulfate will not stain clothes, skin or tanks. 
Rinsing: Sodium Persulfate rinses easily and leaves no residue in plain water. 
Etching speed: Sodium Persulfate attains a fast etching speed and with regular additions of the catalyst, maintains a relatively even etching rate throughout its entire mix life.
However, as with all etchants, Sodium Persulfate has several disadvantages:
Short active life: once Sodium Persulfate is mixed, it has a tank life of three (3) weeks, maximum, whether or not it is used.
Aggressiveness: Sodium Persulfate will attack natural fibers such as cotton, wool and linen.
For more information on Ammonium Persulfate click here. 

There are different methods to prepare the board before the etching process: 
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Manually (direct draw) 



One way to put a pattern on the board is the direct draw approach. Using either a resist pen to draw your circuit, or by using specialty tapes, donuts and the lot, you layout your circuit traces directly onto the copper surface of the board. The pen technique relies on the waterproof nature of the ink and the tapes as an impervious plastic, both of which prevent the etchant from getting at the copper beneath, hence, all copper is etched away except for where the pattern has been drawn. This is the quickest way to get a circuit pattern on the board, but it is difficult to position the traces accurately, especially if you are using any IC packages in your design. Plus, since the ink doesn't apply uniformly, there is a risk that the traces will be etched away since the etchant can get to the copper through an extremely thin layer of resist. If you make a mistake you have to start all over again! 
For these reason, you can use this method only to make very easy low-definition PCBs or to retouch a bit your PCB before etching. 
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Photografic 


[Photoresist PCB laminates] [Media for artwork] [Devices to draw the artwork] [Exposure] [Developing] 
I suggest this method to producing consistently high quality PCBs quickly and efficiently, particularly for professional prototyping of production boards. 

In this method, a board is covered with a resist material that sets up when exposed to Ultra Violet light. To make a board this way, you must make a positive UV translucent artwork film of your layout pattern which is opaque where you want a circuit trace, and clear where you don't want a trace. After the photo positive film is made from your artwork, it is placed onto the photo sensitized board, and is exposed to the UV. The UV light transmits through the clear portions of the film and cures the photoresist. After that, the board is submerged into a developer bath that develops and remove the sensitized photoresist. The resist that is left is in the shape of the artwork that represents your circuit. The advantage to this approach is accurate and neat traces, and once you make the artwork film, it can be used over and over to make additional boards. 

You'll never get a good board without good artwork, so it is important to get the best possible quality at this stage. The most important thing is to get a clear sharp image with a very solid opaque black.
Nowadays, artwork will almost always be drawn using either a dedicated PCB CAD program, or a suitable drawing / graphics package.
The artwork must be printed such that the printed side will be in contact with the PCB surface when exposing, to avoid blurred edges. In practice this means that if you design the board as seen from the component side, the bottom (solder side) layer should be printed the 'correct' way round, and the top side of a double-sided board must be printed mirrored.
Artwork quality is very dependant on both the output device and the media used.
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Photoresist PCB laminates 


[Spray photo sensitive resist] [Pre-coated photoresist fibreglass (FR4) board] 
To transfer the image on the artwork film to the board you must use board treated with a special Photo Copying Paint (Photoresist). 

· Spray photo sensitive resist
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It's very hard to use, as you always get dust settling on the wet resist. I wouldn't recommend it unless you have access to a very clean and ventilated area or drying oven, or only want to make low-resolution PCBs. In any case, to use the positive photoresist spray you must:
0) Make a lot of practice.
1) Cleaning: Degrease the surface before application of product.
2) Application of the coating: Spray briefly the PC board in a subdued light from a distance of aprox. 20 cm until the coating will be visible. This work must be carried out in absolutely dust-free conditions. Then the coating must be dried (20°C = 24 h, better 70°C = 15 min).
Note that the photoresist spray are normally EXTREMELY FLAMMABLE. 

· Pre-coated photoresist fibreglass (FR4) board
[image: image173.jpg]


Always use good quality pre-coated photoresist fibreglass (FR4) board. Check carefully for scratches in the protective covering, and on the surface after peeling off the covering. You don't need darkroom or subdued lighting when handling boards, as long as you avoid direct sunlight, minimize unnecessary exposure, and develop immediately after UV exposure. 
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Media for artwork 


[Clear acetate OHP transparencies] [Polyester drafting film] [Tracing paper] 
Contrary to what you may think, it is NOT necessary to use a transparent artwork medium, as long as it is reasonably translucent to UV. Less translucent materials may need a slightly longer exposure time. Line definition, black opaqueness and toner/ink retention are much more important. Possible print media include the following:

· Clear acetate OHP transparencies
These may seem like the most obvious candidate, but are expensive, tend to crinkle or distort from laser printer heating, and toner/ink can crack off or get scratched very easily. 

· Polyester drafting film
It's good but expensive, the rough surface holds ink or toner well, and it has good dimensional stability. If used in a laser printer, use the thickest stuff you can get, as the thinner film tends to crinkle too much due to the fusing heat. Even thick film can distort slightly with some laser printers. 

· Tracing paper
Has good enough UV translucency and is nearly as good as drafting film for toner retention, and stays flatter under laser-printer heat than polyester or acetate film. It's cheap, easily available from office or art suppliers (usually in pads the same size as normal paper sizes). Get the thickest you can find but at least 90gsm (thinner stuff can crinkle), 120gsm is even better but harder to find. 

[image: image134.png]


Devices to draw the artwork 


[Manual Pen] [Pen plotters] [Ink-jet printers] [Laser printers] [Typesetters] 
Print device is fundamental to produce good artwork. Possible print devices include the following: 

· Manual Pen
It's not a real choice but you can use it to make very low definition PCBs or to retouch a bit your artwork (e.g. closing pinholes). The Pen must be a black permanent marker. 

· Pen plotters
Very fiddly and slow, you have to use expensive polyester drafting film (tracing paper is no good as ink flows along the fibres) and you need special inks and expensive ink pens with grooved tips to get acceptable results. Pens need frequent cleaning and clog very easily. 

· Ink-jet printers
They are so cheap that it's certainly worth a try, and with as many different media types as you can find, but don't expect the same quality you can get from lasers. The main problem will be getting an opaque enough black. It may also be worth trying an inkjet print onto paper, which can then be photocopied onto tracing paper with a good quality copier. 

· Laser printers
Easily the best all-round solution. Very affordable, fast and good quality. The printer used must have at least 600dpi resolution for all but the simplest PCBs, as you will usually be working in multiples of 0.025" (40 tracks per inch). 300DPI does not divide into 40, 600DPI does, so you get consistent spacing and linewidth.
It is very important that the printer produces a good solid black with no toner pinholes. If you're planning to buy a printer for PCB use, do some test prints on tracing paper to check the quality first. If the printer has a density control, set it to 'blackest'. Even the best laser printers don't generally cover large areas (e.g. ground planes) well, but this isn't usually a problem as long as fine tracks are solid.
When using tracing paper or drafting film, always use manual paper feed, and set the straightest possible paper output path, to keep the artwork as flat as possible and minimise jamming. For small PCBs, remember you can usually save paper by cutting the sheet in half (e.g. cut A4 to A5) you may need to specify a vertical offset in your PCB software to make it print on the right part of the page.
Some laser printers have poor dimensional accuracy, which can cause problems for large PCBs, but as long as any error is linear (e.g. does not vary across the page), it can be compensated by scaling the printout in software. The only time that print accuracy is likely to be a noticeable problem is when it causes misalignment of the sides on double-sided PCBs - this can usually be avoided by careful arrangement of the plots on the page to ensure the error is the same on both layers, for example choosing whether to mirror horizontally or vertically when reversing the top-side artwork. 

· Typesetters
For the best quality artwork, generate a Postscript file and take it to a DTP or typesetting service, and ask them to do a film of it. This will usually have a resolution of at least 2400DPI, absolutely opaque black and perfect sharpness. Cost is usually 'per page' regardless of area used, so if you can fit multiple copies of the PCB, or both sides onto one sheet, you'll save money. This is also a good way to do the occasional large PCB that won't fit your laser printer, sizes up to A3 are widely available and larger ones can also be done by more specialised services. Typeset artworks are good enough for production PCBs, but many PCB houses nowadays only accept gerber data, as it's easier for them to post-process for step & repeat etc. 
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Exposure 


[image: image174.jpg]



The photoresist board needs to be exposed to ultra-violet light through the artwork, using a UV exposure box.
UV exposure units can easily be made using standard fluorescent lamp ballasts and UV tubes. For small PCBs, two or four 8 watt 12" tubes will be adequate, for larger (A3) units, four 15" 15 watt tubes are ideal. To determine the tube to glass spacing, place a sheet of tracing paper on the glass and adjust the distance to get the most even light level over the surface of the paper. Even illumination is a lot easier to obtain with 4-tube units. The UV tubes you need are those sold either as replacements for UV exposure units, insect killers or 'black light' tubes for disco lighting etc. They look white or occasionally black/blue when off, and light up with a light purple, which makes flourescent paper etc. glow brightly. DO NOT use short-wave UV lamps like EPROM eraser tubes or germicidal lamps, which have clear glass - these emit short-wave UV which can cause eye and skin damage.
A timer which switches off the UV lamps automatically is essential, and should allow exposure times from 2 to 10 minutes in 15-30 second increments. It is useful if the timer has an audible indication when the timing period has completed. A timer from a scrap microwave oven would be ideal.
Short-term eye exposure to the correct type of UV lamp is not harmful, but can cause discomfort, especially with bigger units. Use glass sheet rather than plastic for the top of the UV unit, as it will flex less and be less prone to scratches.
If you do a lot of double-sided PCBs, it may be worth making a double-sided exposure unit, where the PCB can be sandwitched between two light sources to expose both sides simultaneously.
You will need to experiment to find the required exposure time for a particular UV unit and laminate type, expose a test piece in 30 second increments from 2 to 8 minutes, develop and use the time which gave the best image. Generally speaking, overexposure is better than underexposure.
For a single-sided PCB, place the artwork with toner side up on the UV box glass, peel off the protective film from the laminate and place it sensitive side down on top of the artwork. The laminate must be pressed firmly down to ensure good contact all over the artwork, and this can be done either by placing weights on the back of the laminate, or by fitting the UV box with a hinged lid lined with foam rubber, which can be used to clamp the PCB and artwork.
To expose double-sided PCBs, print the solder side artwork as normal, and the component side mirrored. Place the two sheets together with the toner sides facing, and carefully line them up, checking all over the board area for correct alignment, using the holes in the pads as a guide. A light box is very handy here, but it can be done with daylight by holding the sheets on the surface of a window. If printing errors have caused slight mis-registration, align the sheets to 'avarage' the error across the whole PCB, to avoid breaking tracks when drilling. When they are correctly aligned, staple the sheets together on two opposite sides (3 sides for big PCBs), about 10mm from the edge of the board, forming a sleeve or envelope. The gap between the board edge and staples is important to stop the paper distorting at the edge. Use the smallest stapler you can find, so the thickness of the staple is not much more than that of the PCB. If you do not have a double-sided exposure unit, expose each side in turn, covering up the top side with a reasonably light-proof soft cover when exposing the underside (rubber mouse mats are ideal for this). Be very careful when turning the board over, to avoid the laminate slipping inside the artwork envelope and ruining the alignment.
After exposure, you can usually see a feint image of the pattern in the photosensitive layer. 
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Developing 


[Sodium Hydroxide] [Silicate Based Product] 
After exposure you have to remove the sensitized photoresist in order to unprotect the copper to remove. This process is called developing. Possible developer solutions include the following: 

· Sodium Hydroxide
Sodium Hydroxide is a very bad choice, it's completely and utterly dreadful stuff for developing PCBs.
Sodium Hydroxide is caustic, very sensitive to both temperature and concentration, and made-up solution doesn't last long. Too weak and it doesn't develop at all, too strong and it strips all the resist off. It's almost impossible to get reliable and consistent results, especially so if making PCBs in an environment with large temperature variations (garage, shed etc), as is often the case for such messy activities as PCB making. 

· Silicate Based Product
Silicate based product comes as a liquid concentrate. This stuff has huge advantages over sodium hydroxide, most importantly is very hard to over-develop. You can leave the board in for several times the normal developing time without noticeable degredation. This also means it's not temperature critical, no risk of stripping at warmer temperatures. Made-up solution also has a very long shelf-life, and lasts until it's used up, the concentrate lasts for at least a couple of years.
The lack of over-developing problems allows you to make the solution up really strong for very fast developing. The recommended mix is 1 part developer to 9 parts water, but you can make it stronger to develop in few seconds without the risk of over-development damage.
You can check for correct development by dipping the board in the ferric chloride very briefly, the exposed copper should turn dull pink almost instantly. If any shiny copper coloured areas remain, rinse and develop for a few more seconds. If the board was under-exposed, you can get a thin layer of resist which isn't removed by the developer. You can often remove this by gently wiping with dry paper towel, which is just abrasive enough to remove the film without damaging the pattern.
You can either use a photographic developing tray or a vertical tank for developing, a tray makes it easier to see the progress of the development. You don't need a heated tray or tank unless the solution is really cold (<15°C). 
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Direct Etch 
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Laser printer toner carries with it a very high percentage of pulverized plastic, which makes for an ideal etch resist. Ever since laser printers became available, everyone has been searching for a way of transferring a computer generated image directly to a circuit card blank. 
You first print your file to a special transfer paper (Press-n-Peel) via a laser printer. Lay the image side face down over a cleaned circuit board blank and then iron it for a minute or two. The board then goes into a water bath that dissolves the special coating allowing the paper to slide away leaving the toner on the board... ready to etch!
The trace widths can be down to .006".
If a transfer error occurs, (it can happen on occasion), just wipe the toner off the copper board with acetone, re-print the circuit pattern and transfer again.

You could try this method using normal paper instead of special paper but the results are not the same.
This method is easy, quick and inexpensive but is not adequate for complex images. 
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Silkscreen 



Definently not in the definition of "quick-prototyping". This process is only practical for mass production of a large number of boards. You have the same basic requirements as that of the photographic process described above with the only difference being, instead of applying an emulsion to each and every circuit board, you only expose and develop a screen which has been coated with a photo-sensitive material. It's fun to play with if you've never done it before and a real eye-opener into the myriad of applications that silk screening can be used for. This is the same process to make a T-Shirt. 
After exposing the screen, you place the PCB under the frame, load in your special ink into the top of the frame and rake across the frame. Where the screen is "open", ink falls through to the board. Lift the frame and let the board dry (...a long time!) before you can etch it. They're neat to play with if you've never done this before. The silkscreen method ensure fastest and medium quality reproduction.
There are several hobby kits on the market available at your local art supply store. Consider this process only for a limited mass production job. It's just too much work for making just one board.
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Direct Plating 



It's an industrial process to direct plating the board were do you need a track. This method need very expensive industrial machine. 
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Copper Removal 



It's a very easy way to create prototypes. With a very expensive cutter plotter for PCBs and a PCB layout software you could direct "print" your circuit. The PCB printing is very slow, hence, is indicated only to produce prototypes. 
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Send Out 



This method consist to prepare the data that will actually be used by the manufacturers and send to a Board House to make a professional PCBs. The data for the manufacturer normally include layout file, fabrication and assembly drawings, NC drill file of hole positions. All data files must be in adequate format so, contact your board house to know their requirements. Board Houses are ABSOLUTELY necessary in the process of developing a board intended for mass production, their board will be identical to the commercially made prototype. This method is very expensive (you have to order minimum quantity) and slow (wait a week or two). The result is an high quality professional PCB complete with all the amenities (fine line traces, solder mask, plated-thru holes and a parts insertion layer screen printed on top).
If you want to produce only few prototypes PCBs this is not the right method. 
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Final work 


[Cleaning] [Tin Plating] [Drilling] [Cutting] [Through Plating] [Draw Silkscreen legend] [Soldering] 
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Cleaning 
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In order to proceed with others process you must clean your PCB. Dirt obstacles your work, hence, it is an absolute necessity to ensure that PCB are free from grease, oxidation and other contamination.
Do not clean your board until you are ready to drill or to make other process because resist protects the board from oxidation. 

Use acetone or alcohol to remove resist. Clean copper board with steel wool, S.O.S. or Brillo pads under running water. Rinse cleaned board with soap and water. Be sure to remove all soap residue. Dry thoroughly with lint-free cloth. Be sure to scrape any burrs that appear on the edge of the board that may have resulted from the cutting/shearing process. 

PCB will generally oxidise after a few months, especially if it has been fingerprinted, and the copper strips can be cleaned using an abrasive rubber block, like an aggressive eraser, to reveal fresh shiny copper underneath.
Also available is a fibre-glass filament brush, which is used propelling-pencil-like to remove any surface contamination. These tend to produce tiny particles which are highly irritating to skin, so avoid accidental contact with any debris. Afterwards, a wipe with a rag soaked in cleaning solvent will remove most grease marks and fingerprints.
After preparing the surfaces, avoid touching the parts afterwards if at all possible. 
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Tin Plating 



Tin-plating a PCB makes it a lot easier to solder, and is pretty much essential for surface mount boards. Unless you have access to a roller-tinning machine, chemical tinning is the only option. Unfortunately, tin-plating chemicals are expensive, but the results are usually worth it.
If you don't tin-plate the board, either leave the photoresist coating on (most resists are intended to act as soldering fluxes), or spray the board with rework flux to prevent the copper oxidising.
I suggest to use room-temperature tin plating crystals, which produce a good finish in a few minutes. There are other tinning chemicals available, some of which require mixing with acid, or high-temperature use.
Made-up tinning solution deteriorates over time, especially in contact with air, so unless you regularly make a lot of PCBs, make up small quantities at a time (just enough to cover a PCB in the tinning tray) keep the solution in a sealed bottle (ideally one of those concertina-type bottles used for some photographic solutions to exclude air), and return it to the bottle immediately after use - a few days in an open tray and it can deteriorate badly. Also take care to avoid contamination, which can very easily render the solution useless. Thoroughly rinse and dry the PCB before tinning, keep a special tray and pair of tongs specifically for tinning, and rinse them after use. Do not top-up used solution if it stops tinning - discard it and make up a fresh solution.
Ensure the temperature of the tinning solution is at least 25°C, but not more than 40°C - if required, either put the bottle in a hot water bath, or put the tinning tray in a bigger tray filled with hot water to warm it up. Putting a PCB in cold tinning solution will usually prevent tinning, even if the temperature is subsequently raised.
Preparation is important for a good tinned finish - strip the photoresist thoroughly - although you can get special stripping solutions and hand applicators, most resists can be dissolved off more easily and cleanly using methanol (methylated spirit). Hold the (rinsed and dried) PCB horizontal, and dribble few drops of methanol on the surface, tilting the PCB to allow it to run over the whole surface. Wait about 10 seconds, and wipe off with a paper towel dipped in methanol. Rub the copper surface all over with wire wool (which gives a much better finish than abrasive paper or those rubber 'eraser blocks') until it is bright and shiny all over, wipe with a paper towel to remove the wire wool fragments, and immediately immerse the board in the tinning solution. Take care not to touch the copper surface after cleaning, as fingermarks will impair plating.
The copper should turn a silver colour within about 30 seconds, and you should leave the board for about 5 minutes, agitating occasionally (do not use bubble agitation). For double-sided PCBs, prop the PCB at an angle to ensure the solution can get to both sides.
Rinse the board thoroughly, and rub dry with paper towel to remove any tinning crystal deposits, which can spoil the finish. If the board isn't going to be soldered for a day or two, coat it with flux, either with a rework flux spray or a flux pen. 
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Drilling 
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Manually 



To make holes on your PCB you need a drill, a good vertical drill stand and drill bits.
To drill fibreglass (FR4) board you must use tungsten carbide drill bits because fibreglass eats normal high-speed steel (HSS) bits very rapidly. Although HSS drills are good for odd larger sizes (>2mm) that you only use occasionally where the expense of a carbide isn't justified. Carbide drill bits are expensive, and the thin ones snap very easily. To avoid drill bits break you must use a good vertical drill stand. Carbide drill bits are available as straight-shank (i.e. the whole bit is the diameter of the hole), or thick (sometimes called 'turbo') shank, where a standard size (typically about 3.5mm) shank tapers down to the hole size. I much prefer the straight-shank type because they break less easily, the longer thin section providing more flexibility.
When drilling with carbide bits, it's important to hold the pcb down firmly, as the drill bit can snatch the board upwards as it breaks through, and this will usually break the bit if the board isn't held down.
Small drills for PCB usually come with either a set of collets of various sizes or a 3-jaw chuck - sometimes the 3-jaw chuck is an optional extra, and is worth getting for the time it saves changing collets. For accuracy, however, 3-jaw chucks aren't brilliant, and small drill sizes below 1mm quickly form grooves in the jaws, preventing good grip. Below 1mm you should use collets, and buy a few extra of the smallest ones, keeping one collet per drill size, as using a larger drill in a collet will open it out so it no longer grips smaller drills well. Some cheap drills come with plastic collets - throw them away and get metal ones.

You need a good strong light on the board when drilling to ensure accuracy. It can be useful to raise the working surface about 15 cm above normal desk height for more comfortable viewing. Dust extraction is nice, but not essential - an occasional blow does the trick! Note that fibreglass dust & drill swarf is very abrasive and also irritating to the skin. A foot-pedal control to switch the drill off and on is very convenient, especially when frequently changing bits.

Typical hole sizes : ICs, resistors etc. 0.8mm. Larger diodes, pin headers etc, : 1.0mm, terminal blocks, trimmers etc. 1.2 to 1.5mm. Avoid hole sizes less than 0.8mm unless you really need them. Always keep at least 2 spare 0.8mm drill bits, as they always break just when you need a PCB really urgently. 1.0 and larger are more resilient, but one spare is always a good idea.
When making two identical boards, it is possible to drill them both together to save time. To do this, carefully drill an 0.8mm hole in the pad nearest each corner of each of the two boards, getting the centre as accurate as possible. For larger boards, drill a hole near the centre of each side as well. Lay the boards on top of each other, and insert an 0.8mm track pin in 2 opposite corners, using the pins as pegs to line the PCBs up. Squeeze or hammer the pins into the boards, and then insert and squeeze pins into the remaining holes. The two PCBs will now have been 'nailed' together accurately, and can be drilled together. Standard track pins are just the right length to fix the PCBs together without potruding below the bottom board. 
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Automatic 



An automatic drilling machine is very expensive tool so normally it's used only by manufacturer. The first step to automatic drilling is generating the NC drill file of hole positions. This file is usually in ascii format so that the drilling machine or human can read it to produce your board. If you can't produce a drill file you can optically input the data but this method is more expensive and error prone to use the manual method. 
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Cutting 



In order to cut the PCB you must use different tools:
Ordinary saws (bandsaws, jigsaws, hacksaws): must be carbide tipped to avoid blunted. The dust can cause skin irritation. It's also easy to accidentally scratch through the protective film when sawing, causing photoresist scratches and broken tracks on the finished board.
A carbide tile-saw blade in a jigsaw might be worth a try.
Guillotine: is very useful, as it's by far the easiest way to cut fibreglass laminate. If you have access to a sheet-metal guillotine, this is also excellent for cutting boards, providing the blade is fairly sharp.
To make cut-outs, drill a series of small holes, punch out the blank and file to size. Alternatively use a fretsaw, but be prepared to replace blades often. 
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Through Plating 



When laying out double-sided boards, give some thought to how top connections will be made. Some components (e.g. resistors, unsocketed ICs) are much easier to top-solder than others (radial capacitors), so where there is a choice, make the top connection to the 'easier' component. For socketed ICs, use turned-pin sockets, preferably the type with a thick pin section under the socket body. Lift the socket slightly off the board, and solder a couple of pins on the solder side to tack it in place, and adjust so the socket is straight. Solder all the solder side pins, then solder the required top-side pins by reheating the joint on the solder side, while applying solder to the pin and track on the component side, waiting until the solder has flowed all round the pin before removing the heat
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For vias (holes which link sides without components), use 0.8mm snap-off linking pins (shown left), available from most electronics suppliers. These are much quicker than using pieces of wire. Just insert the bottom of the stick into the hole, bend over to snap off the bottom pin, repeat for other holes, then solder both sides.
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If you need 'proper' through-plated holes, for example to connect to inaccessible top-side pins, or for underneath surface mount devices (linking pins stick out too much for use here), Multicore's "Copperset" system (available from Farnell) works well, but the kit is very expensive. It uses 'bail bars' (pictured left), which consist of a rod of solder, with a copper sleeve plated on the outside. The sleeve is scored at 1.6mm intervals, corresponding to the PCB thickness. The bar is inserted into the hole using a special applicator, and bent over to snap off the single bail in the hole. It is then punched with a modified automatic centre-punch, which causes the solder to splay over the ends of the plated sleeve, and also pushes the sleeve against the side of the hole. The pads are soldered each side to join the sleve to the pads, and then the solder is removed with braid or a solder sucker to leave a clear plated hole.
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Fortunately, it is possible to use this system for plating standard 0.8mm holes without buying the full kit. You can buy the bail bars seperately as refills. For the applicator, use a 0.9mm automatic pencil, which actually works much better than the original applicator, as you get one bail for every press of the button, and it has a metal nose instead of the original plastic one. Get a small automatic centre-punch, and grind the tip off so it's completely flat - this works fine for punching the bails. For an anvil, use a thick flat piece of metal - the back of a large heatsink is perfect for this - plate all the holes before fitting any components so the bottom surface is completely flat. Holes must be drilled with a sharp 0.85mm carbide drill to get the hole size right for the plating process.
Note that if your PCB package draws pad holes the same size as the drill size, the pad hole can come out slightly larger than the drilled hole (e.g. from over-etching or non-centred drilling), causing connection problems with the plating. Ideally, the pad holes should be about 0.5mm (regardless of hole size) to make an accurate centre mark. I usually set the hole sizes to exactly half the drill size, so I know what the 'real' sizes should be when sending NC drill data for production PCBs. 
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Draw Silkscreen legend 



Silkscreen legend is text and lines representing the parts on the PCB. These are printed onto the board using the same process used to print t-shirts. The color of the ink used is usually white, although other colors are sometimes available on special order. The part outlines will normally need to be trimmed to keep the lines off pads and vias. Reference designators will need to be moved to do the same and also to ensure they can be seen when the part is installed. There may also be company logos, part numbers, or other custom text or lines that need to be placed on the legend. Some ECAD programs will automatically do the trimming.

With the same silkscreen method you can make a solder mask. Solder mask is a special coating on top of the copper to keep out moisture and protect the traces. Solder mask must have clearance areas around the pads to keep the material from touching the pad, making it difficult to solder. The material is usually green in color, although other colors may be available on special order. 
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Soldering 



Soldering is the process of fastening a part lead to a PCB. It uses heat to melt a metallic compound around the lead and onto the copper pad of the board.
Click here to view the Basic Soldering Guide written by Alan Winstanley. 

rogramming guides manual handbook how to
Κατασκευή τυπωμένων κυκλωμάτων
Η κατασκευή τυπωμένων κυκλωμάτων για εργαστηριακή και ερασιτεχνική χρήση έχει γίνει πλέον ευρέως γνωστή και χρησιμοποιείται απο πολλούς χομπίστες για μιά πρόχειρη κατασκευή και όχι μόνο ,αφού αν κατασκευαστεί με προσοχή,υπομονή και μεράκι τότε το αποτέλεσμα θα είναι πραγματικά πολύ καλό..Τώρα θα μου πείτε,τι θα βοηθήσει άλλη μία επεξήγηση του τρόπου κατασκευής πλακετών αφού αυτός είναι αρκετά γνωστός ήδη.Απαντάω λοιπόν ότι τον δημοσιέυω με πιο απλά λόγια που ίσως για μερικούς να έχει σημασία..


__Βήμα πρώτο,αγοράζουμε το κομμάτι πλακέτας σε μέγεθος κόλλας Α4 απο οποιοδήποτε κατάστημα με ηλεκτρονικά,έναν μαρκαδόρο ανεξίτηλης μελάνης με λεπτή μύτη και έναν με πιο χονδρή,λίγα φύλλα  καρμπόν,μία μεταλλική τσιμπίδα,ανάλογη ποσότητα Τριχλωριούχου σιδήρου ( FECl3 ) o οποίος πωλείται επίσης στα καταστήματα ηλεκτρονικών και μπορεί να είναι άνυδρος ή ενυδρος αφού έχουν και οι δύο το ίδιο αποτέλεσμα...
__Βήμα δεύτερο,προχωράμε στον σχεδιασμό του τυπωμένου.Αφού έχουμε το σωστής πλευράς σχέδιο του τυπωμένου κυκλώματος,το αντιγράφουμε επάνω στο κομμάτι της πλακέτας με την βοήθεια του καρμπόν.Εδώ θέλει λίγη επιμονή και πίεση στο στιλό ώστε να μεταφερθούν όλες οι λεπτομέρειες και να υπάρχει η ανάλογη ευκρίνεια.Στην διαδικασία αυτή δεν χρειάζεται να χρησιμοποιήσουμε χάρακα αφού είναι ακόμα νωρίς και το τελικό σχέδιο θα διαφέρει πολύ.
__Βήμα τρίτο,σχεδιάζουμε το πραγματικό τυπωμένο κύκλωμα.Αυτό θα γίνει  με την επικάλυψη του σχεδίου που φτιάξαμε με το καρμπόν,με τον μαρκαδόρο ανεξίτηλης μελάνης.Αυτή είναι η διαδικασία απο την οποία κρίνεται η τελική ομορφιά  και λειτουργικότητα της πλακέτας μας αφού όλα όσα θα επικαλύψουμε με τον μαρκαδόρο θα μείνουν και όσα όχι,θα φύγουν μετά απο την αποχάλκωση.Συνεπώς τώρα πρέπει να είμαστε ιδιαίτερα προσεκτικοί και να χρησιμοποιήσουμε το τυχόν ταλέντο που έχουμε στην ζωγραφική..
__Βήμα τέταρτο,κόψιμο της πλακέτας και αποχάλκωση.Αφού τελειώσουμε με τον σχεδιασμό του τυπωμένου με τον ανεξίτηλο μαρκαδόρο,κόβουμε το κομάτι της πλακέτας με ένα κοινό μεγάλο ψαλίδι.Για την αποχάλκωση χρησιμοποιούμε ένα ανάλογου μεγέθους πλαστικό λεκανάκι.Η αναλογία του FeCl3 γίνεται με νερό και είναι 1/4.Φτιάχνουμε λοιπόν το μείγμα μέσα στο λεκανάκι και αφού αυτό έχει ανακατευτεί και διαλυθεί καλά τότε μόνο τοποθετούμε σε όρθια θέση το τυπώμένο.Η όρθια θέση βοηθάει στο να απομακρύνεται ο χαλκός που διάλύεται και να μήν μένει επάνω στην πλακέτα..Μετά απο λίγη ώρα και έπειτα απο συνεχείς ελέγχους με την βοήθεια της μεταλλικής τσιμπίδας,η αποχάλκωση έχει ολοκληρωθεί αφήνοντας μόνο το καθαρό σχέδιο του τυπωμένου,ίδιο με αυτό του σχεδίου.
__Βήμα πέμπτο,καθαρισμός της πλακέτας.Αφού βγάλουμε την πλακέτα απο το λεκανάκι την πλένουμε με νερό και σαπούνι για να φύγει και το τελευταίο ίχνος χημικού υγρού και να μήν προχωράει η διάβρωση.Είναι πολύ πιθανό έπειτα απο το πλύσιμο και αφού η πλακέτα φένεται καλά,να δούμε ότι ο χαλκός έχει πάρει ένα γκρίζο χρώμα.Αυτό σημαίνει και το ότι δεν θα είναι αγώγιμος με αποτέλεσμα να μας τυρανήσει στην διαδικασία συναρμολόγησης τησ πλακέτας.Αυτό διορθώνεται αν ξύσουμε την επιφάνεια της πλακέτας που έχει τον χαλκό ,με ένα ξυραφάκι ASTOR  (όχι δεν κάνω διαφήμηση..)  μέχρι να δούμε να επανέρχεται το φυσικό χρώμα του χαλκού πάλι. 
__Βήμα έκτο,τρύπημα  της πλακέτας.Ενα η πλακέτα είναι τεχνολογίας  επιφανειακής στήριξης τότε δεν θα χρειαστεί να κάνουμε τρύπες.Σε αντίθετη περίπτωση,εάν δηλαδή είναι τεχνολογίας T.H.T τότε είμαστε αναγκασμένοι να κάνουμε τις απαραίτητες τρύπες στις οποίες θα βάλουμε τα υλικά.Οι τρύπες των πιο συνιθισμένων υλικών,όπως αντιστάσεις,πυκνωτές,ολοκληρωμένα,βάσεις ολοκληρωμένων,δίοδοι κ.τ.λ γίνονται με τρυπάνια διαμέτρου 1mm ενώ μπορεί να χρειαστεί να χρησιμοποιήσουμε και 1,5 ή και 2.Αυτά λοιπόν είναι τα άκρως αναγκαία τρυπάνια που πρέπει να έχουμε,όπως έπίσης και 2,5 mm.
__Αφού τελειώσουμε με το βήμα του τρυπήματος δεν έχει μείνει  τίποτα άλλο πλέον εκτός απο το βήμα του ελέγχου που είναι και το πιο χρονοβόρο και σημαντικό.Είναι απαραίτητος όμως ο έλεγχος για να μην καταστρέψουμε τα υλικά μας αφού τα τοποθετήσουμε στην πλακέτα.Αν τελειώσετε και με τον έλεγχο μπορείτε να προχωρήσετε στην συναρμολήγηση των υλικών...


Υ.Γ
Η αποχάλκωση μπορεί νά γίνει και με άλλα χημικά ,αλλά ο FECL3 είναι πιστεύω ο πιο καλός.Λερώνει πολύ και είναι αρκετά καυστικός ιδιαίτερα με το δέρμα..Αν τον ρίχνετε στην λεκάνη ή στον νεροχύτη φροντίστε να ρίχνετε συγχρόνως καθαρό νερό για να μην αφήσει στίγματα.Επίσης φροντίστε να μην αφήσετε την μεταλλική τσιμπίδα μέσα σε δοχείο γεμάτο με χημικό γιατί δεν θα την ξανδείτε..Σας κούρασα;Να δείτε εγώ πώς κουράστηκα..
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