CHAPTER IV

DESIGN OF AREGULATOR CIRCUIT

A step by step calulation of circuits elements of an automatic
voltage regulator for alternator will be described in the following
sections in this chapter. The design is started at the power cnntrnller

i
- stage and worked backward to the comparison and sensing stagss, Thaé

required specification of the regulator to be designed are as follows:

Voltage Regulation : Within*2,%/ from no load to full load
and over a range of power factor from

1,0 to 0.8 lagging.

Regulator Output : 25 to 85 VDC at 10 amperes maximum continuous.

Voltage Adjust Range at No Lead : + 109

4.1 _Power Controller Stage

Refer to Figure 3.6, A 110 VAC which is taken from the alternator
terminals was chosen as the input voltage to the power centroller stage.
It is most practical to select the values of resistor 911 and capacitor

05 in the suppression circuit by trial method via an examination of the

1
order of a few hundred ohms and a capacitor 85 in the order of 0.1 to

waveform on an oscilloscope, and practically the value of 8,, is in the

0.22 microfarads.,



Selection of a 270N for R and 0,1 microfarad for 05 in this

"

circuit provide a proper suppression. QOther components value in the -

circuit can, however, determined by a straight forward manner.
The rating of components in this circuit are listed belows

8CR, and SCA, : 154 (rms) 400 v (84015L)

Dg = D 10 A (avg) 200 vV

12

C

5 0.1 /bF 400 v

R 2720 A . 1 W,

11

4.2 Firing Circuit

In designing the firing circuit the trigoering pulse period must
be determined first., The pericd of the free running frequency of UJT is
lqng.when the alternator is at no load and becomes shorter when the load
on the alternator is increased. The triggering pulse period at these

conditions (no locad and full load) can be determined as follows.

a) Eor Alternator at Nolpad, (winimum Reculator Output)

Since the specified minimum ocutput voltage of the regﬁiatnr
is 25 VDC, but it is a common practice to design a regulator with a
slightly lower output value than that.nf the specified value, ie, a
20 VDC for this design, in order to ensure satisfactory operation of

the circuit,
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The averags voltage frem a full wave rectifier circuit is

aqf
Vv =l f V sinwtd @t sessesssseesss f4,‘1]
av m - .
af :
e
Where Vau « average voltage

Vm + peak or crest voltage of the sine wave

w « angular velocity

& « firing angle

The output voltage of the regulator at this nc load condition is
Vv = 20
av q
Z:f' Vm sinwt d wt
104 2 sin wt d wt

5 af

- 110N2 ( -Cos wt)

T 0
(8]
125,6

!
f

A

or ;)

The fregquency cf the generated veltage is 50 Hz , that is each
half cycle [1800) of the sine wave will correspond tc a period of time
of 10 ms. Then at the firing angle of 126.6° will cerrespond to a period

of time of 10 x 126.6 = 7.0 ms.
180

It is therefore, at minium regulator cutput voltage, the timing

period of the triggering pulse is 7.0 ms,



b) For Alternator at Full=load (Maximum Regulator Output)

At the maximum regulator cutput veltage, a slightly higher
output value than that of the specified valug, ie, a 90 VOC was selected
for the design in order to ensure satisfactory operation cof the circuit.
The triggering pulse pericd of this condition can be determined in the

same way as at the ncleoad condition and this value of time is 1.9 ms.

A 27 VOC was selected for the DC supphy voltage of the circuit,
A 2N2646 unijunction transistor was chosen for the firing circuit for
it has low peak=point current, low emitter reverse current and eaéily
obtained in local mﬁrket vith a rescnable price. The data sheet for

the 2N2646 [ Appendix A) gives the following specificaticns,

VEB1 (sat) = 3,5V typical Ip = 5,0 /hA maximum
s = 0,56 - 0,75 I, = 4.0 mA minimum
Tog = 4.7 - 9,1Kn (Typical 7.0 Ka )
The averages value of the intrinsig standoff ratio is
Y)au = 9.55; 0.75 = 0,655

From eq., 3.3 ; the peak—=point voltage is

I

Vp U‘D + Q VEE

0.6 + (0,655 x 27)

18,285 v



And the valley voltage
v, # VEB1 (sat)

= 3.5 V
From =q. 3.2

Re (max) < Vg~ Vg

I

L}

27 = 18,285

5 /ua

1.743 Mo

L}

From eq. 3.4

FlE (min) < VgE =Y

v
.22_3:‘!
4 mA

= 5,875 Kn

It is sgen from Figure 3.4 that the ocutput pulse or the cscillation
period of the UJT 03 is controlled by varying the emitter resistance
(RCE of Q,), the value of the emitter capaciter Cq must be determined
at the minisum time of pulse period (maximum regulator output voltage)

that is at the pulse period of 1.9 mS.



From eg.

3.1
t (min)
< - —
N izc - =Y
. ln(VEE e Uc\)
min EE c
= 1.? b4 10—3
= . 3 27 = 3.5
5,875 x 107 1 55— 10,2 b)
/

A standard value cf 0.22 /}tF 400 Vv for GG was used.

The base

1 resistor H‘IBI can be directly determined from

equation 3.5 as follow,

Rie

A standard value of 33 n

0.2 rgg ( rnin)”

i~

Vee

= 02 x4.7.x 10°

27

- 34.82 ﬂ

W for R'IB was uscd.

N

The temperature compensation resistor !-11,7 can be approximately

determined by using equaticn 3.6 as follow,

17

0.7 rgg [1-19) R.g
# ¥
VVer . 7
= 0.7x 7.0 x 10° + (1= 0,655) x 33
0.655 x 27 0.655

= 294,45 0N



A typical standard value of 330 0 % YW for T\,I,? was used.

The resistors Ao and Ryq presented in the circuit of Figure 3.4
are used to limit the gate current of the thyristors, and their values
can be determined as follow,

From thz specifications of the SCR1 and SCR2 (s 4015L)

I..(max) = 20 my at Tg 25° ¢

GT
- j '
VeT (max) = 1.5V at To 25° ¢
P (av) = 0.6 W
Since PG = 1{34f UB
A ]
B UG
= 0, = (.46 (A
& 2

The peak voltage of the cutput pulse from base 1 of ‘the UJT (93] is

= 18,285 - 3.5 = 14,73 V

i
W
&
3
o)
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A typical standard resistorof 330 1 W was used for Ny and Noge

A 2N4037 silicen PNP transistors of which specificaticn given hereunder

was selected for the transistors 91 and Q2 of Fig 3.4.

1.0W

200 G

a0 v

50

250 at Ic 0.15 A
60V

60 MHz

Since, the charge in any capacitor can be written as

4Q

C Av

In term of charging current, it well be

I At

or I
Where I
C
AV
At

C AV

c by

Bt

charging current of the capacitor (amp.)
capacitance ( farad)

change in voltage across capacitor during time
At (volt) |

duration of time (sec.)
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Since the capacitance ef the capacitar 05 is 0,22 /«.F

Then AV . Vp = Veg1 (sat)

= 18,285 = 3,5

= 14,785 V

At maximum regulater ocutput
Since, at maximum output voltage from the regulator the time

of oscillation period is 1.9 ms (sse Fig. 4.1) and this corresponds to a

maximum average collector current of the transistor 92

Figure 4.1 y Voltage Across Emitter Capacitor at Maximum

Regulator Output,

Ca AV
Therefore, I e R,

max atﬂn

= 0,22 x 10’5 x 14,765
1.9 x 10°°

= 1,712 mA
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= 1,712 mA
50

= 0,030 mA

Biven the collector voltage of transistor Q, (v, ) to be a half

Q1
- of the dc supply voltage.
L 27
That is Vc N
Q1
= 13,5 V
= [=4
Then Vq14 13.0 V
In DC amplifier the guiescent voltage must be compensated for in
some way in order that the following stage is not saturated and for the
circuit of Figure 3.4 the voltage acress H13 should be approximately equal
n

; (7)
to VCB of transistor 91

Since V = V -V

CBgq CEq1  BEgy
and VCEQ,I = Ve " Vg " Vg
Select Uz1 to be 6.2 volts.,
v B M SN
c8g 4 ee " e T V21 T Ve,
= 27 = 13.5 - 6,2 ~ 0.6
= 6,72 V



Then iz s B W
VR12 = Ve " Vaia T Vhas

It is most practical to design the current through resisters H12

and n13 to such a lavel that current Ib.

Q2 will not loaded the divider

natwerk,

For this design, a current of 0.6 mA will be chesen for I, 4o which

is much more than the current Ib (0.032 m)

q12 = R12

0.6 mA

11.33 Kn

A typical standard valus of 12 K0 % W was used for q12

<
w

n1a . a1

A = — F
i T3 112

6.7
0.6 mA

11.17 Kn

A 12 Kn % W standard resistor for n13 vas used,

It can be seen from the characteristics curves of 2N 4037 that

the maximum DC forward current gain [th] cccurs at its collector of abcut
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8 = 12 mA, but high L will consequence in high lesses, therefore operating
cgllectnr current of 91 must be chosen at a suitable value near to the
current at which maximum hF" occurs but with a resonablz losses.
; o,
In this design, therefcre, a minimum cecllector current of 3 mA
is chosen,
Therefore, at maximum regulator cutput;
F = T = 3 mA
- a1 a1 min
= T -+ e
1 B i T3
= 3.6 mA
. Vn1a
> g
13.5
o T 3.6 mA
= LF 79 Y¢n
A 3.9 Kn % W typical standard resistor for 914 was used
Va6 = Vee "R UCBaa "

( -V ) =V

EE R12 CEQ2 BEQ2 p
The minimum collector to emitter voltage of the transistor Q2

should be more than 1 velt in order to assure that this transistor will

never saturated,



CEQo min

Then %115

il

16

[}

A typical standard resistcr of

at minimum regulater cutout

TV

27 = 6.8 -~ (1 - 0.6) - 18,285

1,52 v

A
Ic i
X2 max

1.52
1.712 mA

0.8 Kn

TKa 2 W for R was usecd.

16

At the cutput from the regulator is minimum, the time of -

oscillation pericd is 7.0 ms (see Fig. 4.2) and this correspends to a

minimum average current of transistor Elz

Therefore, Ic =
Q2 min

C. Av

b < Oy

&t max

0:22 x 10° x 14,785
2:0 % 103

0,455 mA

a1
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a2

Figure 4.2 : Voltage Across Emitter Capacitor at Minimum

Regulator Output.

1

@2 min
min
5

Ibg

2 min

0,46
50

= 0,008 mA

I = Ib +1
Q2 min @2 min cQ2 min

= 0,007 + 0,455
= 0-474 mA

Va1s * Vee “Va1g " VR1a T Vee

= V_~v._=-v k6 -V ) Vo.~V
EE “TEE  T21 TCEg, g.¢,0 P13 EE

= V _+V__ -V

@1 sat n13_""

Enz i

Va12 + YR13

Since In,, % m
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V o+ V-
IH - z1 an1 sat,
13
Rio* s
= 5.2 + 0.3
12 KO + 12 Kn
= 0,271 mA ]
Then Vo ,e = 6,2 + 0,3 ~(0.271 x 12) = 0.6
= 2,64 V
YR1s © 2,64
R1s S e
IS 0.474 mA
@2 min.
=\ 5,87 Ko

A 4.7 Kn $ W standard resistor value for H15 was used.,

4,3 Comparison and Error Amplifier,

A 27 VOC was also selected for the supply voltage (v1) of the

~ comparison and errcor amplifier cirouit of Fig. 3.3.

The value of the current through the divider network R1, Rz, HB

and Ha must be much more than the base current of the transistor G1 in

order that the transistor Q1 will not loaded the network.

IFl1 >> Ibm
v -\ -V
= EE z1 Gqu (sat]
Since I =
c
A1 max n

14



I o = 27 ~ 6.2 = 0.3
c o
Q1 max 39 Ko

= 5,26 mA

I
a1 BQ1 max

"re

Ib

= 5,26 mA
50

= 0,11 mA

In this design, I = 15 mA was selected,

Since, the specification of the regulator to be designed specified
an allowable voltage adjust range of the alternator terminal voltags to be
+ 10 ¢ of the nominal voltage, then the variable resister Rz must be designed

to fulfill this requirement.

Therefore AR

Th2 T

0,1 x 27
15 mA

180 n

A standard variable wire~wound resiter of 200 © for Hz was used,

The variable resistor ﬂa was included fer providing an additional
fine adjustment of the alternator voltage, therefore a 100 @ variable

wire=wound resistor was selected for na



1 =
VFI‘I e VFIZ max  ° Vz‘] & VBEQ,I
= -2
UFH vz‘l 2 VBEQ,I < VFI2 max

= 6.2 + 0.6 -41(0.1x 27)

= 5,45 V

II<
-

R1T =

- I

]
n

+ 45

T ena

15 mA

= 363.3 n, Used 330 n std, value, -

The power dissi'pated in H1 is
2
P, = x R
, Tn, 1%
= (15 x 107°)2 330
= (0,070 w

A 330 n -} W standard resistor for H‘l was used,

Vo = V. =0 =3y
R 1 A, By o -

= 27 ~ 5,45 = 1 (0.1 x 27)

22,20

M

<

na

R 2 e—

'
. Tha

= 20,20

S —

15 mA

e

ﬁ—clnli <
- |

(=]
]

]

= 1.35Kn, used 1.5 Kn std. value..



Power dissipated in na is

2
aa = Tqga Xy

sl
|

o

(15 x 10 °)% x 1.5 x 10°

0.3 W

A 1.5 Kn 1 W standard resistor for na was used,

The current through resistor HS must be much more than the emitter
current of Q1 in order to keep the veoltage across zener diode z, to a

nearly constant value,

Select Ins = 15 mA

Wﬁs

i
<

The peower dissipated in Q. is

5

b
Fas = s * A5
= (15 x 10 )% x 1.5 x 10°

= 0,34 W



47

A 1.5KA 1 W standard resistor was chosen for Q..

5
Power dissipated in the zener diode z, is s
Pz’l & 121 x Uz'] 3 IH‘I xvz1
- (98 x40 °) %82
= C, B3 w

Therefore a BZX 83 C 6V2 zener diode which has a zener voltage nf;

6.2 volts and rating of 400 m¥ was chosen for Z1.

4,4 Sensing Circuit

A Simple full wave rectifier and L-section LC filter as illustrated

in Figure 3.2 was used for the sensing circuit,

8ince, the load current of the sensing circuit is (I, + I.5)

IF|1+IF|5 = 15 + 15

= 30 m
Then, the load resistance of this circuit is

A = \.’1

M1t Is

27
30 mA

= 900 n
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From L=secticn LC filter, the value of inductance of the filter .

choke can be determined by(BJ:

Where L inductance of the filter cheke (Henry)

W : angular velocity = 24 £ [Hadian)

R, : load resistance { Ohm)

L
f : supply frequency (Hz)
Then L, > 2087
~ 3(24 x S0)

= (0,96 Henry

In practical designs, two or three times higher inductance than
that calculated value is chosen in order to avoid the saturaticn of the

 filter chcke.(g]

Therefore, a 3 Henry 100 mA was chosen for L1

Given the ripple of the cutput voltage from the filter to be 2 ¢,

then the value of filter capacitor C, can be easily determined as fmllowgal

1

From L=section LC filter, r = Y2 x _1_ x
3 2wi 2wl

Where r : ripple factor
@ : angular velocity = 2 M f (radian)

f : supply frequency (Hz)



a9
C : capacitance of the filter capacitor ( farad)
L : inductance of the filter choke ( henry)
Then 0,02 - N2 * y i 2
3 2 (24 x 5C)c, 2(27 x 50) x 3
G1 = 19.9 /J'.F

Therefore, a standard capacitor of 224/LF/50 W was chosen for 01

All other remaining ceomponents in the sensing circuit can be deter—
mined by a straight forward manner. The rating of the components ccmposite

in the sensing circuit is listed below

Potential transformer Tq;

Primary 0 = 380V and tappad at 110, 130, 220 velts

Secondary

30 V 100 mA
Dicde D1 - Dd +  INAOCa

Choke L1 3 H 100 mA

Capaciter C

1 22 /hF 50 w

4,6 Stabilizing Netwerk

Consider the stabilizino netwerk of Figure 3.7, if Vi denotes the
input voltage tec the network and Vo is the output voltage from the network.
Then the transfer function can be written as equaticn 4.2

V (s) 1 + aTs

ﬁ = aa s R SRS EBNERES (a'z]
Vi‘.S 14+ TS




Where T : time constant = [ng + R10] C,

Ay

Ry + 1

a

10

The technigque of impreoving the response of the system is te cheoose

values of G, and [ﬂg - H1U] sc that the time constant T is equal to the

" time constant of the field winding of the alternatnrﬁe]. For the conven=
ticnal alternators cof rating in the range cconsidered in this work, is,
10 = 25 KW, the time constant of the field winding is in the order of

0.2 second,
In this case ; (Ay +R,) Cany 042
If a capacitor of 8 4F 100V is chesen for Cp»

Then Hg + R1C !

8 x 13-5

=" 25 Kn
_ HiSH)
The fracticn a = meibidie 18 la@ss than unity and’

Hg + 910

if "a" is set to be 0,1

Then Hg = 0,1

Rg = 0.1(n, +R,.)
= 0,1 x 25

= 2.5 Kn

A standard resistor of 2.2 Kn % W for Ry was used.



Substituting Ay we get ; 2.2 = (.1
2 .
2.2 + R,
R,- = 1.8 Kn

A standard value of 22 Ko Z W for A, was used.

A resistor of 47 Ko ¥ and a capacitoer of 5’}LF 160 V were alsc
chosen for HB and Ca respectively in ordar to provide a feedback path from

the stability network toc the error amplificr stage.

The variable resister HG nf 2.2 KN was added for previding a fur—
ther adjust of the fesdback current from the R3-C stabilizing network to the

error amplifisr stage input.

The completed circuit diagram of the veltage regulator for alterna~
tor that had just designed is shown in Figure 4.3, The capacitor 07 of 5C VvV
was provided as a smonthing component to ensure a good DC supply for the
error amplifier stage and the dicde D7 prevent the dischargz current from 87

to flow into the firing circuit.

Zener dicde 22 used to stabilize the supply bias veltage for the
transistor circuits to a nearly constant level. The zener current of the
zener dicde 22 must be chosen at such a level that has a comparatively

larger than its leoad current,

-

Since, 107 = IEQ1 + ;112 + IEQZ

= (3+§§) + 0.6 + (1,712 + ,034)

¥

= 5,417 mA

Then, choose I22 g 15 mA



The maximum power disipation of the zener diode 22 is =

P22

I, %V

15 mA x 27 V

= (.41 W

A 27V 1 W zener diode for 22 was used .

-

The resistor H21 used to reduce the supply voltage to a suitable
level for supplying the transistor circuits, and this resistance value

can be calculated as follow.

VRE‘I

23 TR21

f -

ﬁ11G/1-11)“ Vo
I

22 max

(110/1.11] - 27
15 mA

4.81 Kn , used 4.7 Ko std. value.

The power dissipated in ﬂ21 is

2
P21 = Inop* Ay

(15 x 10 °)% x 4.7 x 10°

= 1,06 W

A 4,7 KN 5 W resistor for 921 was used,

The resistor R, of 1.5 Ko and the capacitor C, of B/AF/25U had

been added in the circuit of Fig. 4.3 to prevent high—=frequency instability.
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The waveform at various parts on the completed circuit of Fig. 4.3
traced on an oscilloscope, by supply a 50 Hz sinusoidal voltage to the
power input terminals of the regulator, are illustrated in Figure 4.4 and

4.5,



Z
30 BzX8acevz
%
C2
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B2s

2N4037
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Armature 2.2k SCR1 Dw Dn SCR2
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p -
Y T . +
- ark o
110vac ‘{HO L »
b— —
F~ l:;:: Rio Ds Do )
w 22k 2\E ) |
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R S o ——
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Figure 4,3 : Complete Circuit Diagram of

the Voltage Regulator for Alternator.
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V; : Velrrge input to bridge rectifiers Dg~ Pn
Vo : Regulator ourput veltage,
Ver, scale : 190y /div, except Ympg
; I'o=. scale :  3ms/liv,

Figure 4,4 ¢ Voltage Waveforms at Minimum Specified

Negulstor Ontput Voltage,
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Figure 4.5 3 Voltage Waveforms at Maximum Specified
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