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SCR CONTROLLER FOR A
SERIES FIELD DC MOTOR

INTRODUCTION

This application note describes in detail an SCR chop-
per for a series field dc motor, beginning with a short
discussion of motor characteristics and various simple
control approaches. Chopper methods and the chopper’s
integration with auxiliary switching functions are de-
scribed. The pros and cons of transistors versus SCRs are
discussed. Finally an SCR chopper is described in detail,
and an actual design shown for a controller usinga 36 V,
2 hp motor in a golf cart.

MOTOR CHARACTERISTICS

Series field dc motors are used in traction applications
such as fork-lift trucks and rapid transit where high starting
torque is required. The series field motor has high current
flowing through it at zero speed, since the motor back-emf
is zero also. This high current causes high motor flux,
since it flows through the field winding as well as the
rotor. The high motor flux causes high torque. As the
speed picks up, the current and torque reduce until equil-
ibrium is reached, where the torque output balances ve-
hicle losses, friction and windage, etc. Figures la and 1b
show typical series traction motor characteristics, and

Figure 1c shows the circuit schematic.

MOTOR CONTROL

If more than OFF-ON control is needed, the voltage
to the motor must be variable. At low speeds, measure-
ments in a golf cart have shown that vehicle speed is
roughly proportional to applied voltage. See Figure 2,
which also shows motor current.

Battery Switching

The curves in Figure 2 were obtained by moving the
connection from the 36 V battery to the golf cart along
the battery bank in 6 V steps. Some speed control systems
use four equal battery banks in series and parallel to vary
motor voltage and therefore speed. This technique loads
the batteries equally, and is the most efficient.

The main disadvantage of battery switching is jerky
vehicle behavior as the vehicle accelerates through the
speed range when the accelerator is depressed. Also in-
rush currents can be high, and contactor life limited. The
contactor bank is quite expensive.
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FIGURE 2 — Vehicle speed and Motor
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FIGURE 1 — Series Motor Characteristics and Schematic
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Resistor Control

Where jerky speed control is of limited importance, for
instance in an outdoors application such as a golf cart,
then resistor switching, either by contactors or switches,
may be used. Figure 3 shows a typical circuit. R1, R2,
and R3 are equal power resistors, and SW1 is a 5-position
switch ganged to the accelerator pedal. As the accelerator
pedal is depressed, the SW1 wiper moves counter-clock-
wise from the OFF position, progressively reducing the
series resistance, and allowing the vehicle to accelerate.

Such a control is economical in parts cost, but ex-
pensive in battery charge if there are many stop-start or
intermediate speed cycles in the vehicle’s usage.

Thus if smooth control together with maximum bat-
tery utilization is required, another type of speed con-
troller must be used.
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FIGURE 3 — Resistor Control

DC Chopper Controller

The dc chopper controller uses a solid-state switch,
usually a silicon controlled rectifier (occasionally a tran-
sistor) to “chop up” the battery voltage and apply it to
the motor. Figure 4 shows the solid-state switch in series
with the motor. The rectifier D1 is the well-known
“freewheel rectifier” and it carries the motor current
when the switch opens, thus maintaining nearly constant
motor current.

Figure 5a shows the current flow from the supply,
through the motor and the solid-state switch (represented
by a contact) and back to the supply. The freewheel
rectifier is reverse biased, and shown in phantom, as it is
essentially out of circuit. The current, I1 in Figures Sa
and 5c, ramps up at a rate dependent upon speed, voltage,
motor, etc.

Figure 5b shows the switch open, and the motor cur-
rent flowing through the freewheel rectifier. Thisis shown
as 12, ramping down as the inductively stored energy
produces work at the motor shaft. For this period the
supply is out of the circuit.

The motor current is the average of IT and 12. The
average supply current is the average of I1 only, or about
half the motor current at a 50% duty cycle. These ratios
vary with the ON-to-OFF ratio, or the duty cycle of
chopper.

There are two commonly used methods of varying the
duty cycle of the chopper, and thus the speed of the
vehicle.

1. Fixed Pulse Width, Variable Repetition Rate Chop-
per — This is perhaps the most common type of chopper
circuit in use. The battery or supply voltage is applied to
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FIGURE 4 — Basic Chopper Circuit
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FIGURE 5 — General Chopper Waveforms



the motor in fixed width pulses. The pulse repetition
frequency is then varied to increase or decrease the
average voltage applied to the motor. Figures 6a and
6b show chopper voltage and current waveforms for low
speed and high speed settings respectively. A voltage
control range of 20 to 80% is usually claimed for this

system.

FIGURE 6 — Fixed Pulse Width Chopper Waveforms

2. Pulse Width Modulated Chopper — This type of
chopper runs at a nominally fixed frequency, and varies
the duty cycle at that frequency. A broader range of
control is available, typically 10 to 90% and possibly 5 to
95%. Figures 7a and 7b show the pulse width modulated
chopper at low and high average voltage respectively.
Motor current is also shown.

A pwm SCR chopper is described in detail on the
following pages.

FIGURE 7 — Pulse Width Modulated Chopper Waveforms

MAXIMUM SPEED CONNECTIONS

It is usually difficult to run at 100% duty cycle with
the chopper, because of circuit constraints. Since there is
no need for control (the vehicle is running at full speed)
the solid-state switch would be a liability as it does have
some voltage drop across it. Most controllers, therefore,

have a shorting switch across the solid-state switch, shown
in Figure 8 as SW1. SWI1 is normally pulled in by a
microswitch actuated by “flatting” the accelerator pedal,
although it is sometimes delayed to avoid wheel spin.
Shorting out the SCR means that the dissipation in the
device is reduced to zero. This, combined with thermal
feedback from the SCR heatsink itself, enables the de-
signer to minimize SCR heatsink ratings.
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FIGURE 8 — Maximum Speed and Reversing Connections

REVERSE CONNECTIONS

Figure 8 shows the normal connections for reversing.
SW2 and SW3 are ganged together such that if the contacts
of SW2 are closed, then the contacts of SW3 are open and
vice-versa. Change-over reverses the direction of current
in the field winding, and the motor then reverses its
direction of rotation. An alternative would be to reverse
connections to the rotor rather than the field.

PLUGGING

As soon as a reversing switch is installed, plugging be-
comes a design consideration. If the vehicle is moving
forward, and the controls are thrown in reverse, the con-
dition arises where the motor is driven as a generator by
the momentum of the vehicle. The “generator” voltage
is series additive with the supply as shown in Figure 9
and large currents can flow, resulting in a high braking
force on the vehicle.

Operating the chopper in this mode can be a problem
as the chopper must be designed for these high currents.
It is possible to sense the plugging current with a relay
coil by sensing the current in an additional rectifier used
as the “plugging rectifier”. This relay would either disable
the chopper or operate the chopper at a controlled rate,
producing controlled vehicle braking. Controlled braking



is necessary, as the braking effort available in this mode
may be sufficient to damage the mechanical transmission.
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FIGURE 9 — Motor Plugging

CHOPPER CURRENT RATING

Returning the Figure la, starting or locked rotor cur-
rents for the series field motor can be very high. At
locked rotor, the current is limited only by the motor
resistance and circuit (battery, wires, switches, etc.)
impedance. For a 36 V, 2 hp motor, running current is
approximately 60 A. Motor resistance is approximately
60 m£2, and with low circuit impedance and a healthy set
of batteries, locked rotor currents of 500 A are possible.

While 500 A will produce the maximum locked rotor
torque available, design requirements may be less stringent.
A rule of thumb seems to be a factor of 5, leading to a
maximum required average motor current of 300 A. This
would be sufficient to drive away from stop up a moder-
ate slope, for instance, and is known as the breakaway
torque current.

Fortunately, when power is applied, the current takes
time to build up due to the inductance of the motor. For
the motor considered here the inductance is about 300 uH.
This gives a motor time constant, L/R, of 5 ms, or current
rise times of about 70 A/ms, close to what was observed.
Time is available to sense motor current and turn the
solid-state switch OFF, thus reducing switch current rat-
ing, as shown in Figure 10.

FIGURE 10 — Locked Rotor Current

CHOPPER FREQUENCY

Every time the chopper “chops,” either from ON-to-
OFF or vice versa, some losses inevitably occur. These
losses show up in the various circuit elements to be des-
cribed later such as inductors, commutating circuitry,
etc. )

Normal Running

To minimize these losses, the chopper frequency should
be kept as low as possible. This also helps to maintain
as low as possible the frequency of the audio noise
generated by the chopper and motor and reduces the
possibilities of irritation to the user. However, to main-
tain a continuous current in the motor at half voltage, or
50% duty cycle in the pulse width modulated system,
some minimum frequency is required. When the frequency
is too low, as shown in Figure 11a, the motor current
in the freewheel (rectifier) mode falls to zero. Then in
order to maintain the average motor current, the peaks
are higher than in Figure 11b, where the frequency is
higher. Operation in the lower frequency mode, (Figure
11a) where the motor current is allowed to fall to zero,
results in torque pulsations and high rotor commutator
brush wear. Some discontinuity of current is inevitable
at lower speeds and duty cycles. The compromise fre-
quency chosen for the 2 hp machine was 125 Hz.

FIGURE 11 — Variation of Chopper Frequency

HIGH TORQUE RUNNING

In a high torque situation, such as moving up a slope
or pulling away from a stopped position, the motor speed
will drop. This in turn reduces the back emf of the motor



resulting in a lower net voltage appearing across the motor
inductor-resistor combination. Rates-of-rise of motor cur-
rent therefore increase. If the chopper frequency is
maintained at the normal running rate, the current will
rise to too high a level for the chopper to handle unless
the ON time of the chopper is reduced. However, doing
only this would lower the average motor current and give
low output torque. The solution is to reduce the ON
time of the chopper and at the same time reduce the OFF
time. This permits high average motor current and yet
limits the peak current that the chopper must handle.
In Figure 11 this would result in increased current and
decreased time per division, with the waveforms remaining
approximately the same. Frequency and current may go
as high as 5 times normal running levels.

THE SOLID-STATE SWITCH

The choice of solid-state switch is transistors, either
one device or several in parallel, and the Silicon Controlled
Rectifier (SCR). The majority of systems in use today use
the SCR.

THE TRANSISTOR SWITCH

Consider the system discussed so far, the 36 V, 2 hp
motor drive. For breakaway torque requirements to be
met, 300 A average is required. Single transistors nom-
inally rated at 300 A are available, though more com-
monly parallel transistors have been used. When parallel
transistors are used, steps must be taken to ensure that
the collector current shares, either by matching devices
or by emitter resistor ballasting, as indicated in Figure
12. These resistors are typically rated to drop a voltage
equivalent to the base-emitter voltage of the transistor
used (VBE), approximately 0.7 V for Silicon transistors
and about 0.4 V for Germanium transistors.
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FIGURE 12 — Transistor Solid State Switch

The base drive requirements are usually quite high. If
a gain of 10 for the transistors is assumed, then 30 A
must be controlled at the base. The emitter resistors
will also help force sharing of this current.

As an alternative to Silicon transistors, Silicon Dar-
lington transistors are available. These have higher gain
but lower speed and higher saturation voltage. Ger-
manium transistors are also available and have lower satur-
ation voltage but slower speed.

Speed is mentioned as this is a switching system, and
an inductive switching system as well. The switching
characteristics of the transistor are very important. Fig-
ure 13 shows a full ON-OFF cycle, though not necessarily
to scale. At interval tO to tl, the device is off. For tl
to t2 the collector-emitter voltage (VCE) is falling and the
collector current is rising as the on-going transistor picks
up the current from the freewheel rectifier. The spike of
current during this interval is caused by the stored charge
being recovered from the freewheel rectifier as it becomes
reverse biased. During interval t2 to t3 the transistor is
ON. At time t3 the transistor starts to turn off. However
the inductive current of the motor load will continue to
flow through the transistor until the voltage reaches the
supply voltage plus one diode drop. Then the freewheel
rectifier will pick up the motor current.

OFF

VcE

FIGURE 13 — Transistor Switch Waveforms

Intervals t1 to t2 and t3 to t4 are highly dissipative,
and for slow devices may limit the maximum chopping
frequency. Load line shaping and the use of a fast re-
covery rectifier for the freewheel rectifier may help. The
inductive turn-off means that the safe operating area
characteristic of the transistor must be considered.

Transistors may be used in parallel. However, if they
switch at different times, because of variation in storage,
rise and fall times from device to device, then the fastest
transistor will turn on into the rectifier recovery current,
and the slowest device will switch off all the current as
the bank turns off. These two devices therefore will be
more highly stressed than the others.

The advantage of the transistor is that it can be con-
trolled from its base, unlike the SCR which responds
only to an ON signal at its gate. However, the problems
described above have resulted in most systems using the
SCR. The remainder of this note describes an SCR design.

THE SILICON CONTROLLED RECTIFIER SWITCH
The SCR has a latching characteristic and pulse firing



(gating) may be used. This means that the SCR’s anode
current must be reduced to zero, either by turning off a
switch in series with it, or, more commonly, reverse
biasing the anode for a time sufficient for it to turn off.
This usually results in one or two lower current SCRs,
a power capacitor, and a power inductor in the commuta-
ting circuit, the whole comprising the solid-state switch.
However, paralleling of SCR’s is usually unnecessary.
Figure 14 shows a well known chopper circuit, the Jones
Chopper. This circuit will be explained in detail, design
data given, and a control scheme described.
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FIGURE 14 — Jones Chopper Power Circuit Diagram

THE JONES CHOPPER

The main advantage of the Jones Chopper over other
types is that it allows the use of higher voltage, lower
microfarad commutating capacitors. This is done by
trapping energy in the commutating inductor (Figure 14)
L1, and forcing it into the commutating capacitor Cl,
rather than simply charging the commutating capacitor
to the supply voltage VB. This of course means that the
semiconductors and the capacitor are rated at a multiple
of VB, but as most vehicle battery banks are 110 V or less,
this requirement can be met with ease.

Circuit Operation

Figure 15, Chopper Circuit Waveforms, is used with
Figure 14 to explain circuit operation. The switching
intervals of the waveforms, t1 to t4, and t5 to t8 have
been expanded for clarity.

Time t0

All SCRs are off. Capacitor Cl is charged positively
to some multiple of VB. DI is in conduction and its
current Ipj (and therefore the motor current) is ramping
down.
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FIGURE 15 — Chopper Circuit Waveforms

Time t1
SCR1 and SCR3 are gated on.

Interval t1 to t2

C1 discharges resonantly through SCR3, L2 and SCR1.
This discharge current does not flow through L1 and back
to the battery because of the transformer action of L2
coupled to L1. SCRI1 also picks up the motor current
from D1, reverse biasing D1. The reverse recovery current
of D1 causes a voltage spike across it from circuit induct-
ance. This must be snubbed out (see Figure 17) and can
be reduced by using a fast recovery rectifier.



As V(1 swings negative the reverse bias on D1 de-

creases until after a time equal to m{(L2) (C2)]1/2
At

Time t2
D1 becomes forward biased again, causing the change of
slope in the IC1(ISCR3) waveform.

Interval t2 to t3

Due to the voltage developed across L1, SCR1 be-
comes reverse biased in this interval and must have its
gate signal inhibited through this period, and then re-
gated at time t3. ISCR3 decreases until at zero current
the current tries to reverse resonantly when at .................

Time t3

SCR3 blocks, leaving C1 charged negatively with 50%
to 90% of its previous positive voltage, the rest of the
energy having been dissipated in the circuit. SCRI1 is
re-gated and the current that had built up in L1 and DI
now decreases for the ...,

Interval t3 to t4
and flows through SCR1.

Time t4

ID] comes to zero and again causes a reverse recovery
spike on V..

Interval t4 to t5

SCR1 is now conducting motor current, which is
ramping up. The interval t3 to t5 must be long enough
to allow SCR3 to commutate. C1 is charged negatively
in preparation for commutation of SCR1 at ......................

Time tS

when SCR2 is gated on. The negative voltage on C1
is applied across SCR1 which blocks after its recovery
current has ceased. The motor current, nominally con-
stant, starts to flow in SCR2 and Cl. The rate-of-rise
(di/dt) of this current in SCR2 is limited only by circuit
stray inductance and by any designed-in saturable inductor.

Interval t5 to t6

For this period, SCR1 is reverse biased and the motor
current is charging C1 positively. This interval must be
long enough to allow SCRI1 to reform its forward blocking
junction (commutate) since at ..........ccoceeveeieeeinns

Time t6

C1 has charged through zero volts and SCR1 becomes
forward biased.

Interval t6 to t7

Motor current continues to flow through L1 and SCR2
charging C1 positively until at ...........cccoeeiiiinn,

Time t7

V(i1 reaches VB, forward biasing DI, the freewheel
rectifier. D1 begins to pick up the motor current and
Ic1(ISCR?) starts to reduce.

Interval t7 to t8

Here the energy (1/2LI2) stored in the inductor LI
is being forced into C1 and is charging it positively
(1/2CV2). Icp is decreasing and Ipj increasing until
At

Time t8

D1 has picked up all‘ the motor current. SCR2 blocks
and all SCRs are now off.

Interval t8 to tO to t1

Motor current is ramping down. The period t8 to t1
must be long enough to allow SCR2 to fully commutate
off,and at .....cc.ceevvuererennennn.

Time t1
the cycle begins again.

JONES CHOPPER DESIGN PROCEDURE

If a complete system is being designed from scratch,
then the designer may have all the variables of motor
size, battery voltage, breakaway torque, etc., at his com-
mand. Battery and motor constraints coupled with the
type of usage expected will dictate the design numbers of
the main parameters. These are:

The battery voltage — VB

The maximum average rotor current — Iy

The motor time constant — tyy,

The battery voltage will usually be between 24 V and
110 V. For the chosen motor, Iy, is the current that
will supply the torque for the breakaway load condition,
and tp is the L/R time constant for that motor under
locked rotor conditions.

Component Voltage Rating

The SCRs and the commutating capacitor C1 will all
have some maximum economical voltage rating, such as
QVB for the most constraining component, where Q is
the circuit voltage multiplier factor. The commutating
capacitor however does not retain all of its energy when
it is resonantly “rung around”, and will be negatively
charged at the instant of commutation to KQVp, where
K lies between 0.5 and 0.9.

Commutating Capacitor

The commutating capacitor C1 must divert the nomin-
ally constant motor current long enough so that before
C1 is charged to zero volts, the SCR is off. From the
charge formula CV =it,

_ImTx
Cl= oy



A safety factor for tq of 100% is recommended here,
therefore Tx = 2 tq, where tq is the turn-off time of SCR1.

Commutating Inductor

The energy stored in the capacitor when it is charged
positively has been transfered from the commutating in-
ductor L1, and from 1/2CV2 =1/2LI2,

_(€1) @QVp)?

=02

Chopper Frequency Selection

Maximum

The maximum frequency is used in high torque situ-
ations. The locked rotor time constant of the motor,
tm gives us an approximate rate-of-rise and rate-of-fall of

0.63ILR
tm

lowing the motor current to vary (ripple) between 120%

and 80% of Iy, (see Figure 11b), the chopper ON or OFF

period T, may be calculated from:

02)y - 0.63I1 R
T tm

motor current, Als. (See Figure 10.) Then al-

The maximum chopper frequency fiax will then be:
fmax = 1/2T

Minimum

To minimize switching losses, the chopper frequency
may be lowered for normal operating when average cur-
rents are lower. Also the current rise and fall rates are
lower because the machine is rotating and generating a
back emf. These combine to allow a minimum frequency
three to five times lower than the maximum frequency and
still maintain continuous motor current above a 30%
duty cycle (See Figure 11).

Power Semiconductor Selection

The designer will have many trade-offs to make. The
trade-off of voltage rating has already been mentioned, in
regard to all semiconductors and also the commutating
capacitor. The size of the commutating capacitor is also
directly influenced by the rated turn-off time, tg, of the
main SCR. The faster the SCR, the smaller the capacitor.

Another area for trade-off is the current rating of the
devices. Here, breakaway torque rating, the type and
duration of usage, and the size of heatsinking allowed are
intimately involved with the selection of the SCRs and
the rectifier. Well chosen thermal feedback to the control
circuit from some temperature sensitive component such
as the main SCR’s heatsink can also allow economies to be
made.

In general, the selection of the various devices to ful-
fill the current requirements is not simple. It involves
choosing SCRs of an adequate rms current rating, then the

dissipation can be worked out using the forward voltage
drop versus current plot usually available (See Figure 16).
This dissipation is checked against the device ratings, and
a heatsink selected. One or two iterations with various
devices before building and testing may be required, and
a check using currents measured in a prototype is needed.
With all devices, the worst case power dissipation and
current will be at locked rotor at a chopper frequency of
fmax, assuming a shorting switch is used for maximum
speed.

ITm. FORWARD CURRENT (AMP)
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FIGURE 16 — Forward Voltage Drop versus Current (MCR380)

SCR1

The current can be broken into two parts:

The rms current from the semisinusoid (Figure 15, interval
t1 to t2) has amplitude = QVB/[(L2)/(C1)]1/2 = I, Amp
peak and duration = a[(L2) (C1)]1/2 = T, seconds and
which occurs once a cycle, every 2T seconds, is

1/2
la Ezr(r;T)ﬁ =1

The rms current from the ramp section of interval t2 to t5:

Start amplitude = 0.8 Iy = I Amp
End amplitude = 1.2 Ij; = I Amp
Duration = (T - Tg) = T} seconds

every 2 T seconds is

Ty
[3_(276 (Ic2 +1g2 + Icld)] 12 Ie

Total rms current for SCR1




= (2 +1.2] 12 =1

I is also the current in L1

|
SCR1 dv/dt = C—nl‘ V/S

= —
SCR1 di/dt _[(LZ) CHII2 Als

SCR 2

Again the current can be broken into two parts: the
constant current section of interval t5 to t7:

amplitude = I for
C1) (KQ +
CRLLD L

occuring every 2 T seconds

duration =

T.11/2
thus the rms value is Ig [ 2—%:] = Ig Amp

The inductor-to-capacitor energy transfer section (In-
terval t7 to t8) has an initial value of I§ and tails of to

zero in g[(Ll) (C1]1/2 = Ty seconds, and occurs every

2 T seconds. Its rms value is:

a2 ]2y
d 3(2T) = 1h Amp
The rms current in SCR2 is (Ig2 + I;2)1/2 = Ij Amp

__(XKQ-1)vp .
SCR2 dv/dt [Lh) €O/ V/s in the gross. However

there is a transient arising from D1’s current cessation
which must be snubbed out (see Figure 17).

KQV
SCR2 di/dt = % B
S

A/s where Lg is the inductance of

the SCR1, SCR2 and C1 circuit loop. The stray in-
ductance, ~ 1 uH, may be increased with a saturable in-
ductor, L3 in Figure 17. SCR2 circuit turn-off time is
set by the maximum duty cycle allowed by the control
design.

SCR3
The rms current through SCR3 = I, Amp (Interval t1

R
to t2). SCR3 dv/dt = QVB(12) V/s where Rg is the
L2

snubbing resistor value in the L2, SCR3, SCR2 loop
(R6 in Figure 17). This occurs when SCR2 blocks, and
the positive voltage of C1 is suddenly applied across
SCR3 and L2.

. I
SCR3 di/dt = 09 (81)]1 >

SCR3 circuit turn-off time is set by the minimum duty
cycle allowed by the control design.
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FIGURE 17 — Chopper Design

D1

The rms current in D1 = I, Amp. A fast recovery de-
vice may be used here, to reduce reverse recovery current-
induced voltage spikes across D1 itself.

C1
The rms current in C1 = (Ip2 + ;2)1/2 = 1y Amp.

L1 and L2

The rms current in L1 = (I2 + 2)1/2 = 1} Amp.
The rms current in L2 = Ity Amp. The peak current in the
coupled inductor is either I, or I4.

The core must not be allowed to saturate during
the interval t1 to t2. This volt-second integral is

[ QVB x g](n_\/? Ve

m

The core is reset during interval t5 to t8. Then using the
familiar equations:
Es <2BmaxA N Volt-seconds and
N2A

L= g

(47 x 10-7) Henries.

(This assumes that the air-gap is the dominant contributor
to the overall inductance.)

Where, in S.I. units,
Eg = volt-seconds applied
Bmax = Maximum allowable flux density for core, Tesla



A =area of core, square meters
N = number of turns
lg =length of air gap, meters
L =inductance, Henries
These formulas, and the winding current density, will
allow rough definition of the commutating inductor.

DI/DT Reactor

Depending on circuit conditions and the SCRs chosen,
this may not be required. However its use is advisable as
it protects SCR2 from on-going di/dt failure, and also
SCR1 from off-going di/dt failure.

N A(AB)
E

Hs Im
N

The delay time tp =

and the magnetizing current Imag = which must be

much less than the load current.

Where, in S.I. units,

tp is the delay time, seconds

N is the number of turns

A is the core area, square meters

AB the flux swing, Tesla

E is the circuit voltage, Volts

Imag is the magnetizing current, Amp

Hg is magnetizing force for saturation, ampere-turns

per meter )

1y is the mean length of the core, meters
Placing this inductor in series with Cl will ensure the
inductor is reset every cycle, as L3, Figure 17.

JONES CHOPPER DESIGN EXAMPLE

The motor and battery available had the following
characteristics:
Battery voltage, VB =36 V
Maximum average motor current required, Im =
300 A
Motor time constant, tyy =5 ms
Locked rotor current, I R =500 A

Component Voltage Rating

High frequency SCRs are available in voltage ratings to
600 V, as are capacitors. A standard peak-to-peak voltage
rating for a commutating type capacitor is 400 V, giving a

Q of 200/36 ~ 6. Assume a worst-case value of K =0.5,
and the most negative voltage will be KQVB~110 Vand
the most positive will be QVp=~215 V.

These voltages are summed to give a capacitor voltage
rating, 215 + 110 =325 V, or 400 V, the nearest standard
rating, with which we started. All power semiconductors
must be rated at least 300 V, the next voltage grade
above 215 V. For experimental purposes a higher rating
is recommended, say 400 V.
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Commutating Capacitor Value

Assume that SCRs with tq = 15 us are available with
the required current rating. Then Tx =2 tq = 30 us and

cl = ImTx _ 300 x 30
KQVp 110

uF = 80 uF.

Commutating Inductor

_(C1) (QVB)? _80(215)2

L1 =
Im?2 (300)2

uH~40 uH
Assume L2 =L1

Frequency Selection

_(0)Imtm _ (02) (300)5

T= - ~
063ILR _ (0.63) (500) ™

1 ms
frax =$ =500 Hz

fmin = fmax/4 =125 Hz

Power Semiconductor Selection
As mentioned previously, these calculations enable

preliminary selection of SCRs. The dissipation and heat
sink calculations and trade offs must still be made.

SCR1
I, = QVB/[(L2)/(C1)]1/2 = 6(36)/[40/80]1/2 A pk
giving I; ~300 A pk
Ta = {(L2) (C1)]1/2 = 7[40.80]1/2 us
giving Ta =~ 180 us
_ Ta \1/2_ 180 \1/2
b =Ia ( 202T) ) = ((2)2000 ) A rms

giving Ip =~ 64 A rms
I =0.8 Iy =(0.8)300 =240 A
[=1.21; =(1.2)300=360 A
Tp = (T - Ta) = (1000 - 180) = 820 s

Tp
le =35y (2 + 1a2 + Lela)) 1/2
820
le= [m (2402 + 3602 + (240) (360)]1/2
A rms

giving Ie ~200 A rms

Total rms current for SCRI = [Ip2 + [2]1/2 = If
If=[642 +2002]1/2 =210 A rms

Try MCR235B-30 or MCR380B-30, depending on dissi-

pation calculations.

I
SCRI dv/dt = 2 = 3—59 V/us =4 V/us

la _ 300
[(L2) (C1)]I/2 " [40.80]1/2

SCR1 di/dt = Alus=5 Alus



SCR2
Iq =360 A
_(C1)(KQ+1) VB _80(0-5(6) + 1)36
c- I4 - 360

T

giving T ~32 us

T
1g=1d(—2,—§)1/2=360[ J1/2=45Arms

2(1000)
Tq =%’[(L1) (Cn1/2 =g[40.80]1/2 us

giving Tq =90 us _
o [Tg Y12 [90 }1/2
Ih =14 [3(2T)] =360 | 357000
=44 A rms

SCR2 rms current=j = (Ig2 + In2)1/2~63 A rms
Try MCRS1 - 30

. _(KQ-1)Vp

_(0:5(6)-1)36

W V/ius=~1 V/us

but transiently may be worse.

KQVp _(0:5)(6)36 ,
Ly 1

SCR2 di/dt = [us

=~ 110 A/ us, which is rather high, so consider
a saturable inductor later.

SCR3
SCR3 rms current = I, = 64 A rms
Try MCR82 - 30, an isolated stud 80 A part.

Rg. 6.36
SCR3 dv/dt = QVB(L—; =70 " Rs Vius

o~ 5-5.Rs V/us
Let Rg =102, then SCR3 dv/dt =55 V/us

Choose Cs, the snubbing capacitor in series with Rg to
accomodate the voltage rise-time, and optimize the two
by trial-and-error.

: L ~
SCRS3 difdt = =y (cal)]l 55 Alus

D1

D1 rms current = I = 200 A rms

Try MR1225FL, or fast recovery equivalent.
Cl

C1 rms current = Iy = (Ip2 + ;2)1/2

= (642 + 632)1/2 =90 A rms

There is now enough data to make a preliminary selec-
tion of C1. (80 uF, 400 V, 90 A). Cornell Dubilier and
General Electric are manufacturers of such capacitors.
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L1and L2
LI rms current = I} = (I¢2 + Ij2)1/2
= (2002 + 632)1/2>210 A rms
L2 rms current = Iy = 64 A rms
The peak current, used in some design methods, is
I3 =360 A. VRx 2 c
L2 volt-second rating =l: Qv x;r— (Tr—”z)
_ [6(36)2] [n( (40)80)1/2
= - >

] V-us =124 Vms

Using available components;
Core - Arnold Engineering AH-33, Area 11 x 10-4 M2
Turns - 4 turns for L1, 4 turns for L2, #4 AWG welding

cable :
Gap - 5-5 x 10-4 M total
Bmax-1.6 T ,
N2A(4mx 10-7) _42(11 x 10-4) (47 x 10-7)106
L= = = MH
Ig 5-5x 10
=40 uH

Volt-seconds available = 2By, xAN =
2(1-6) (11 x 10-4) 4 Vs
=14 Vms
The No. 4 AWG welding cable used was not optimum for
current density. A foil wound design would be preferable
as this would give much better packing factors.

DI/DT Reactor (L3)
For a Ferroxcube No. 400T750-3C5
Area = 1-81 x 10-4 M2
AB=2Bpmax=0.7T
1 =0-127M
Hg=179.6 AT/M
Circuit Voltage = KQVB = (0-5) (6) (36)=110 V
NA(2B)_ 4(1 -81x 10-4)(0.7) 106 S
E

For 4 turns, tp= 110 u

= 4.6 us. (A delay of 2 us was observed).

_Hslm _(79+6) (0-127)
N 4

than circuit current.

Is A=2.5 A, whichismuch less

Final Power Circuit

Figure 17 shows the final circuit used. It was found
necessary to encapuslate the commutating inductor in a
silicon rubber (Dow Corning No. 184) to cut down on
lamination noise. This was very successful.

SCR1 and SCR2 were mounted on the same heatsink.
The use of an isolated stud part for SCR3 allowed it to be
mounted on that heatsink also. L1, L2 and L3 were
designed as described above.

The control shunt was made of a strip of aluminum.

The three 100 £ resistors from gate-to-cathode on
each SCR (R2, R3, R4) are to improve noise immunity and
dv/dt performance.

Points @ through @ , @ and @ are con-

nection points to the control circuitry.



CHOPPER CONTROL CIRCUIT

There are many ways of building a control circuit;
designs may be based on programmable unijunction tran-
sistors (2N6027), timers (MC1455), or monostables. This
design is based on the MC14528 complementary MOS
Dual Monostable Multivibrator.

As mentioned in the Section on Chopper Frequency,
a variable frequency approach is required; a relatively low
frequency to minimize drive losses, increasing in fre-
quency, and at the same time changing duty cycle. This
limits the peak current, but at the same time permits
high average motor currents for high torque situations.
Figure 18 shows the basic schematic. Monostables M1 and
M2 are cross-coupled so that when one has finished its
cycle, its Q output triggers the other. The relative times
of each are cross-coupled also via potentiometer R9, which
is connected so that increasing the period of one de-
creases the period of the other. Point @ from M1 leads
to interface circuitry (described later) which fires SCR1
and SCR3, thus M1 is shown as the “ON” monostable,
and these SCRs are fired when point (A) goes high. Sim-
ilarly Point fires SCR2. Point (E) leads to circuitry
which ensures that SCR2 is fired first when power is
connected, precharging the commutation capacitor.

Points @ and @ are connected to a voltage source
whose value is proportional to the motor current. As the
motor current increases so does this voltage, and more
current is supplied to the timing capacitors C4 and C5 thus
shortening the monostable periods. Diode D2 causes the
“OFF” period to be less affected by this voltage, tending
to limit motor current, that is, the “ON” period to be
reduced more than the “OFF” period.

Current Sensing

To simplify ground and sensing connections, the current
sensing shunt R1 (Figure 17) is placed in the battery
return line. This current is the battery current which is a
square wave. Figure 19 shows the amplifier used to con-
vert this current signal to a voltage signal.

Operational amplifier OAl is configured as a peak
detecting high gain stage. R11-R14 place OA1 in its
active region and allow it to sense the battery current
signal at circuit ground. C6 is required to snub the spikes
appearing across the shunt due to its inherent self-in-
ductance. As the motor, and therefore the battery,
current increase, Point and the inverting input of OAl
go more negative. This is peak detected and the voltage

1m0V
cw
ca R7 D2 g Cc5
0.1u 4.7k 4.7k 0.1u
) i A\ J]:.
* vl M’W vw—T *
100 k
T T2 T2 T
A o—® no A o
L 1/2 MC14528 10 k L 1/2MC14528
B M1 a —A\Y B M2 al
CcD CcD T
1
“ON" OFF”

FIGURE 18 — Basic Timing Circuit

R17

v 390 k

ANV

Cc7

R11

OA1
MC1741

imk

To
M1 and M2

i

FIGURE 19 — Current to Voltage Converter
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on C8 increases, increasing the current feed to M1 and
M2. Point is connected to the start circuitry, and
is pulled high at turn-on, causing the timing circuits to run
with short cycle times.

Gate Firing Circuitry

SCRI1 can be gated directly as its cathode is common
with the control circuit. SCR2 and SCR3 must be gated
through some isolating device, in this case pulse trans-
formers. Figure 20 shows the circuits used, with con-
nections from the timing monostables and to the SCRs.

The input square waves from the monostables, at points

@ and are differentiated and all the SCRs are gated
with an approximately 70 us pulse.

Point @ is pulled to ground at start-up to ensure that
SCR2 is fired first. Point @ is tied to the anode of SCR1
and causes the gate-drive to that SCR to become disabled
when its anode is reverse biased (interval t2 to t3, Figure

15). Similarly the gate pulses to SCR2 and SCR3 must
be shorter than the anode current pulses to avoid gating
them when the anodes are reverse biased.

Start/Stop Circuitry

To avoid relying on the transformer action of L1 and
L2 to charge the commutating capacitor Cl, a difficult
operation to quantify, it is necessary to precharge Cl
positively by firing SCR2 first. Then when SCRI1 and
SCR3 are fired, this voltage is reversed and is available for
commutation of SCR1.

C1 can only be charged to VB in this precharge oper-
ation which limits. the current that can be commutated in
the ensuing cycle. This does not present any problem if
the control is set to low speed, but could create misfiring
if the battery is reconnected when the control is set to a
high speed. The start circuitry shown in Figure 21 is one
solution. '

+10VI

D9

R20 R21 -
2.2k 22k T2
0] 2N4403 N
R28
D8 47k
MPS-A13 M'9S3_A13

IN4004

i—e

T1 & T2, Sprague No. 662930

FIGURE 20 — Gate Firing Circuitry
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FIGURE 21 — Start/Stop Circuit
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On connection of the supply, C12 charges through the
base of Q6, whose collector charges C8, Figure 19 via
Point . Q6 being ON also turns on Q7, pulling down
points and . As Point@is low, the gate drives
to SCR1 and SCR3 are disabled. Point @ stays low, then
as C12 charges, goes high, triggering M2 which in turn
gates SCR2.

When power is removed from the circuit, the 10 V
supply starts to drop, firing programmable unijunction
transistor Q5 which discharges C12, resetting it for the
next power reconnect. Q4 is also turned on at this time,
pulling down the 10 V supply rapidly, reducing the pos-
sibility of momentary power disconnects causing uncer-
tainty.

Power Supplies and Reversing Interlock

The gating circuits require fairly high currents which
occur in pulses, causing noise on the power supply. Two
separate zenered power supplies are used here, as shown in
Figure 22, one to feed the gate circuits, the other to feed
the low level supplies.

Also shown in Figure 22 is the reversing switch inter-
lock. The approach taken here is to disable and restart
the entire control circuit when the reversing switch is
operated.

Figure 23 shows the complete schematic and inter-
connections.

D19 |
IN40|04 |
+36 V@ |
P A
D20 ! |
IN4004 |
O «m sv | D23
D22 Relay N4001
IN4004 I : R44 €
R42 | 2w
D21 2 W [ 560
IN4004 1k |
|
|
| Gate Low Level
| Circuit Circuit
|
| Z2 100 u 73 +
(10 V) Cc15 (10 V) c16
| IN5347 1u IN4740 50 u
|
. - '
. . |
Reversing Switch [ Power Supplies =
Interlock
FIGURE 22 — Power Supplies and Reversing Switch Interlock
Main
ON/OFF
o . Fig. 19 . )
Fig. 22 Fig. 21 . Fig. 20 Fig. 17
e — 1
B:;ft;ﬁy — P. Supply Start/ C\irorent ‘T’:?mni Gate Chopper
T & Reverse Stop Volts Firing & Motor

FIGURE 23 — Complete Motor Control Schematic

15



MOTOROLA Semiconductor Products Inc.

Printed in Switzerland



	05722123.tif
	05722124.tif
	05722125.tif
	05722126.tif
	05722127.tif
	05722128.tif
	05722129.tif
	05722130.tif
	05722131.tif
	05722132.tif
	05722133.tif
	05722134.tif
	05722135.tif
	05722136.tif
	05722137.tif
	05722138.tif
	05722139.tif
	05722140.tif
	05722141.tif
	05722142.tif
	05722143.tif
	05722144.tif
	05722145.tif
	05722146.tif
	05722147.tif
	05722148.tif
	05722149.tif
	05722150.tif
	05722151.tif
	05722152.tif
	05722153.tif
	05722154.tif
	05722155.tif
	05722156.tif
	05722157.tif
	05722158.tif
	05722159.tif
	05722160.tif
	05722161.tif
	05722162.tif
	05722163.tif
	05722164.tif
	05722165.tif
	05722167.tif
	05722168.tif
	05722168a.tif
	05722169.tif
	05722170.tif
	05722171.tif
	05722172.tif
	05722173.tif
	05722174.tif
	05722175.tif
	05722176.tif
	05722177.tif
	05722178.tif
	05722179.tif
	05722180.tif
	05722181.tif
	05722182.tif
	05722183.tif
	05722184.tif
	05722185.tif
	05722186.tif
	05722187.tif
	05722188.tif
	05722189.tif
	05722190.tif
	05722191.tif
	05722192.tif
	05722193.tif
	05722194.tif
	05722195.tif
	05722196.tif
	05722197.tif
	05722198.tif
	05722199.tif
	05722201.tif
	05722202.tif
	05722202a.tif
	05722203.tif
	05722204.tif
	05722205.tif
	05722206.tif
	05722207.tif
	05722208.tif
	05722209.tif
	05722210.tif
	05722211.tif
	05722212.tif
	05722213.tif
	05722214.tif
	05722215.tif
	05722216.tif
	05722217.tif
	05722218.tif
	05722219.tif
	05722220.tif
	05722221.tif
	05722223.tif
	05722224.tif
	05722224a.tif
	05722225.tif
	05722226.tif
	05722227.tif
	05722228.tif
	05722229.tif
	05722230.tif
	05722231.tif
	05722232.tif
	05722233.tif
	05722234.tif
	05722235.tif
	05722236.tif
	05722237.tif
	05722238.tif
	05722239.tif
	05722240.tif
	05722241.tif
	05722242.tif
	05722243.tif
	05722244.tif
	05722245.tif
	05722246.tif
	05722247.tif
	05722249.tif
	05722250.tif
	05722250a.tif
	05722251.tif
	05722252.tif
	05722253.tif
	05722254.tif
	05722255.tif
	05722256.tif
	05722257.tif
	05722258.tif
	05722259.tif
	05722260.tif
	05722261.tif
	05722262.tif
	05722263.tif
	05722264.tif
	05722265.tif
	05722267.tif
	05722268.tif
	05722268a.tif
	05722269.tif
	05722270.tif
	05722271.tif
	05722272.tif
	05722273.tif
	05722274.tif
	05722275.tif
	05722276.tif
	05722277.tif
	05722278.tif
	05722279.tif
	05722280.tif
	05722281.tif
	05722282.tif
	05722283.tif
	05722284.tif
	05722285.tif
	05722286.tif
	05722287.tif
	05722288.tif
	05722289.tif
	05722290.tif
	05722291.tif
	05722292.tif
	05722293.tif
	05722294.tif
	05722295.tif
	05722296.tif
	05722297.tif
	05722298.tif
	05722299.tif
	05722300.tif
	05722301.tif
	05722302.tif
	05722303.tif
	05722304.tif
	05722305.tif
	05722306.tif
	05722307.tif
	05722308.tif
	05722309.tif
	05722310.tif
	05722311.tif
	05722312.tif
	05722313.tif
	05722314.tif
	05722315.tif
	05722316.tif
	05722317.tif
	05722318.tif
	05722319.tif
	05722320.tif
	05722321.tif
	05722322.tif
	05722323.tif
	05722324.tif
	05722325.tif
	05722326.tif
	05722327.tif
	05722328.tif
	05722329.tif
	05722330.tif
	05722331.tif
	05722332.tif
	05722333.tif
	05722334.tif
	05722335.tif
	05722336.tif
	05722337.tif
	05722338.tif
	05722339.tif
	05722341.tif
	05722342.tif
	05722342a.tif
	05722343.tif
	05722344.tif
	05722345.tif
	05722346.tif
	05722347.tif
	05722348.tif
	05722349.tif
	05722350.tif
	05722351.tif
	05722352.tif
	05722353.tif
	05722354.tif
	05722355.tif
	05722356.tif
	05722357.tif
	05722358.tif
	05722359.tif
	05722360.tif
	05722361.tif
	05722362.tif
	05722363.tif
	05722364.tif
	05722365.tif
	05722366.tif
	05722367.tif
	05722368.tif
	05722369.tif
	05722370.tif
	05722371.tif
	05722372.tif
	05722373.tif
	05722374.tif
	05722375.tif
	05722376.tif
	05722377.tif
	05722378.tif
	05722379.tif
	05722380.tif
	05722381.tif
	05722382.tif
	05722383.tif
	05722384.tif
	05722385.tif
	05722386.tif
	05722387.tif
	05722388.tif
	05722389.tif
	05722390.tif
	05722391.tif
	05722392.tif
	05722393.tif
	05722395.tif
	05722396.tif
	05722396a.tif
	05722397.tif
	05722398.tif
	05722399.tif
	05722400.tif
	05722401.tif
	05722402.tif
	05722403.tif
	05722404.tif
	05722405.tif
	05722406.tif
	05722407.tif
	05722408.tif
	05722409.tif
	05722410.tif
	05722411.tif
	05722412.tif
	05722413.tif
	05722414.tif
	05722415.tif
	05722416.tif
	05722417.tif
	05722418.tif
	05722419.tif
	05722420.tif
	05722421.tif
	05722422.tif
	05722423.tif
	05722424.tif
	05722425.tif
	05722426.tif
	05722427.tif
	05722429.tif
	05722430.tif
	05722430a.tif
	05722431.tif
	05722432.tif
	05722433.tif
	05722434.tif
	05722435.tif
	05722436.tif
	05722437.tif
	05722438.tif
	05722439.tif
	05722440.tif
	05722441.tif
	05722442.tif
	05722443.tif
	05722444.tif
	05722445.tif
	05722446.tif
	05722447.tif
	05722448.tif
	05722449.tif
	05722450.tif
	05722451.tif
	05722452.tif
	05722453.tif
	05722454.tif
	05722455.tif
	05722456.tif
	05722457.tif
	05722458.tif
	05722459.tif
	05722460.tif
	05722461.tif
	05722462.tif
	05722463.tif
	05722464.tif
	05722465.tif
	05722467.tif
	05722468.tif
	05722468a.tif
	05722469.tif
	05722470.tif
	05722471.tif
	05722472.tif
	05722473.tif
	05722474.tif
	05722475.tif
	05722476.tif
	05722477.tif
	05722478.tif
	05722479.tif
	05722481.tif
	05722482.tif
	05722482a.tif
	05722483.tif
	05722484.tif
	05722485.tif
	05722486.tif
	05722487.tif
	05722488.tif
	05722489.tif
	05722490.tif
	05722491.tif
	05722492.tif
	05722493.tif
	05722494.tif
	05722495.tif
	05722496.tif
	05722497.tif
	05722498.tif
	05722499.tif
	05722500.tif
	05722501.tif
	05722502.tif
	05722503.tif
	05722504.tif
	05722505.tif
	05722506.tif
	05722507.tif
	05722508.tif
	05722509.tif
	05722510.tif
	05722511.tif
	05722512.tif
	05722513.tif
	05722514.tif
	05722515.tif
	05722516.tif
	05722517.tif
	05722518.tif
	05722519.tif
	05722520.tif
	05722521.tif
	05722522.tif
	05722523.tif
	05722524.tif
	05722525.tif
	05722526.tif
	05722527.tif
	05722528.tif
	05722529.tif
	05722530.tif
	05722531.tif
	05722532.tif
	05722533.tif
	05722534.tif
	05722535.tif
	05722536.tif
	05722537.tif
	05722538.tif
	05722539.tif
	05722540.tif
	05722541.tif
	05722542.tif
	05722543.tif
	05722544.tif
	05722545.tif
	05722546.tif
	05722547.tif
	05722548.tif
	05722549.tif
	05722550.tif
	05722551.tif
	05722552.tif
	05722553.tif
	05722554.tif
	05722555.tif
	05722556.tif
	05722557.tif
	05722559.tif
	05722560.tif
	05722560a.tif
	05722561.tif
	05722562.tif
	05722563.tif
	05722564.tif
	05722565.tif
	05722566.tif
	05722567.tif
	05722568.tif
	05722569.tif
	05722570.tif
	05722571.tif
	05722572.tif
	05722573.tif
	05722574.tif
	05722575.tif
	05722577.tif
	05722578.tif
	05722578a.tif
	05722579.tif
	05722580.tif
	05722581.tif
	05722582.tif
	05722583.tif
	05722584.tif
	05722585.tif
	05722586.tif
	05722587.tif
	05722588.tif
	05722589.tif
	05722590.tif
	05722591.tif
	05722592.tif
	05722593.tif
	05722594.tif
	05722595.tif
	05722596.tif
	05722597.tif
	05722598.tif
	05722599.tif
	05722600.tif
	05722601.tif
	05722602.tif
	05722603.tif
	05722604.tif
	05722605.tif
	05722606.tif
	05722607.tif
	05722608.tif
	05722609.tif
	05722610.tif
	05722611.tif
	05722612.tif
	05722613.tif
	05722614.tif
	05722615.tif
	05722616.tif
	05722617.tif
	05722618.tif
	05722619.tif
	05722620.tif
	05722621.tif
	05722622.tif
	05722623.tif
	05722624.tif
	05722625.tif
	05722626.tif
	05722627.tif
	05722628.tif
	05722629.tif
	05722630.tif
	05722631.tif
	05722632.tif
	05722633.tif
	05722634.tif
	05722635.tif
	05722636.tif
	05722637.tif
	05722638.tif
	05722639.tif
	05722640.tif
	05722641.tif
	05722643.tif
	05722644.tif
	05722644a.tif
	05722645.tif
	05722646.tif
	05722647.tif
	05722648.tif
	05722649.tif
	05722650.tif
	05722652.tif
	05722653.tif
	05722654.tif
	05722654a.tif
	05722655.tif
	05722656.tif
	05722657.tif
	05722658.tif
	05722659.tif
	05722660.tif
	05722661.tif
	05722662.tif
	05722663.tif
	05722664.tif
	05722665.tif
	05722666.tif
	05722667.tif
	05722668.tif
	05722669.tif
	05722671.tif
	05722672.tif
	05722672a.tif
	05722673.tif
	05722674.tif
	05722675.tif
	05722676.tif
	05722677.tif
	05722678.tif
	05722679.tif
	05722680.tif
	05722681.tif
	05722682.tif
	05722683.tif
	05722684.tif
	05722685.tif
	05722686.tif
	05722687.tif
	05722688.tif
	05722689.tif
	05722690.tif
	05722691.tif
	05722692.tif
	05722693.tif
	05722694.tif
	05722695.tif
	05722696.tif
	05722697.tif
	05722698.tif
	05722699.tif
	05722700.tif
	05722701.tif
	05722702.tif
	05722703.tif
	05722705.tif
	05722706.tif
	05722706a.tif
	05722707.tif
	05722708.tif
	05722709.tif
	05722710.tif
	05722711.tif
	05722712.tif
	05722713.tif
	05722714.tif
	05722715.tif
	05722716.tif
	05722717.tif
	05722718.tif
	05722719.tif
	05722720.tif
	05722721.tif
	05722722.tif
	05722723.tif
	05722724.tif
	05722725.tif
	05722726.tif
	05722727.tif
	05722728.tif
	05722729.tif
	05722730.tif
	05722731.tif
	05722732.tif
	05722733.tif
	05722734.tif
	05722735.tif
	05722736.tif
	05722737.tif
	05722738.tif
	05722739.tif
	05722740.tif
	05722741.tif
	05722742.tif
	05722743.tif
	05722744.tif
	05722745.tif
	05722746.tif
	05722747.tif
	05722748.tif
	05722749.tif
	05722750.tif
	05722751.tif
	05722752.tif
	05722753.tif
	05722754.tif
	05722755.tif
	05722756.tif
	05722757.tif
	05722758.tif
	05722759.tif
	05722760.tif
	05722761.tif
	05722762.tif
	05722763.tif
	05722764.tif
	05722765.tif
	05722766.tif
	05722767.tif
	05722768.tif
	05722769.tif
	05722770.tif
	05722771.tif
	05722772.tif
	05722773.tif
	05722774.tif
	05722775.tif
	05722776.tif
	05722777.tif
	05722778.tif
	05722779.tif
	05722780.tif
	05722781.tif
	05722782.tif
	05722783.tif
	05722784.tif
	05722785.tif
	05722786.tif
	05722787.tif
	05722788.tif
	05722789.tif
	05722790.tif
	05722791.tif
	05722792.tif
	05722793.tif
	05722794.tif
	05722795.tif
	05722796.tif
	05722797.tif
	05722798.tif
	05722799.tif
	05722800.tif
	05722801.tif
	05722802.tif
	05722803.tif
	05722804.tif
	05722805.tif
	05722806.tif
	05722807.tif
	05722808.tif
	05722809.tif
	05722810.tif
	05722811.tif
	05722812.tif
	05722813.tif
	05722814.tif
	05722815.tif
	05722816.tif
	05722817.tif
	05722818.tif
	05722819.tif
	05722820.tif
	05722821.tif
	05722822.tif
	05722823.tif
	05722824.tif
	05722825.tif
	05722826.tif
	05722827.tif
	05722828.tif
	05722829.tif
	05722831.tif
	05722832.tif
	05722832a.tif
	05722833.tif
	05722834.tif
	05722835.tif
	05722836.tif
	05722837.tif
	05722838.tif
	05722839.tif
	05722840.tif
	05722841.tif
	05722842.tif
	05722843.tif
	05722845.tif
	05722846.tif
	05722846a.tif
	05722847.tif
	05722848.tif
	05722849.tif
	05722850.tif
	05722851.tif
	05722852.tif
	05722853.tif
	05722854.tif
	05722855.tif
	05722856.tif
	05722857.tif
	05722858.tif
	05722859.tif
	05722860.tif
	05722861.tif
	05722862.tif
	05722863.tif
	05722864.tif



