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                                                'Analog Computer Simulation of a Separately Excited

      D-C Motor Driven by Square Wave Voltage

Tomoo FuJzi*, Hiroshi OKAMoTo** and Takemitsu IsHizAKi*

(Received November, 15, 1972)

   It is diMcult to obtain analytically the transient characteristics of a separately excited

d-c motor driven by square wave voltage whose duty factor is control!ed to limit thg

armature current within the desired value.

   This paper deals with analog computer simulation of a separately excited d-c moto'r

driven by square wave voltage, emphases are given on the starting characteristics of this

driving system where peak value of the armature current is restricted and mean value of

the armature current is maintained constant through out the transitional period. Desired

results are obtained and compared with normal d-c drive.

.

                             1. Introduction

   Heretofbr Ward-Leonard system has been used as typical speed control of

a separately excited d-c motor, (hereafter referred to as d-c motor simply), how-

ever with the development of thyristor, static Leonard system or chopper control

method has now the place in the control system. Because these devices are supe-

rior to Ward-Leonard system in eMciency and compact.

   Wave form of the supply voltage to d-c motor may be generaily the square

wave on chopper control or on-off contro! method. On this time, if some para-

meters (i. e., the period of square wave and the duty factor) are constant, the

characteristics of d-c motor can be obtained analyticallyi)2ys)4). But they are usually

complicated form and in case the$e parameters are changed with various controls,

it is diMcult to obtain them.

   For above mentioned reasons, analog computer simulation of d-c motor square

wave voltage control system is required. Operational mode of this drive is divide

into three modes according to the armature current flow. Analog computer

simulation is carried out by the system equation on each mode. And the '
starting characteristic of a separately excited d-c motor square wave voltage system,

where (1) peak value of the armature current is restricted, (2) average value of

the armature current is held constant through out the ･transitional period, are

obtained.

                2. Analog Simulation of D-C Motor System

   Driving circuit of d-c motor is shown in Fig. 1. The system equation which
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has switching elements
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is generally expressd as eq. (l).
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               Fig. 1. Driving circuit of separately excited D-C motor.

where

   x: independent state variables.

   v: control forces.

   i : number ofmodes which is of combination of on-off of switching elements.

The system in eq. (1) is nonlinear, however if system parameters (such as electric time

constant and mechanical time constants) are constant, the system equation can be

expressed by the linear difl;erental equation.

2.1. Establishment of Mathernatical Model of D-C Motor System

   On the driving d-c motor shown in Fig. I, three operational modes occur

according to the armature current flows as fo11owing.

   ModeI:The constant voltage is supplied to d-c motor (Sw-on) and the

            armature current flow from the source.

   Mode ll:The supply voltage to d-c motor is null (Sw-off) and the armature

            current flows through the fiy-wheel diod Dw (Dw-on).

   ModeM:Both the supply voltage and armature current are zero (Sw-off).

            On this mode d-c motor is coasting.

Normalized system equation on each mode is as fo11ows.

   MOdel: diiZi(t)= ;. (1-in(t)'ton(t)-Ebn) (2)

           ala)fft(t) -'-- r:,(1' TT'iill)(in(t)-' i;ma;!I:; ;;w-M;., n(t)-Lt) ' (3)

i Model: di2t(t)=: ;. ('-in(t)-wn(t)"Ebn) (4)
           dn2h(t) =.;,(i- .T'."l)(in(t)"r.,T-Mi.,ton(t)-Lt) .(5)

'



                   Analag Chmputer 'Sinidalfoh' ofa Soparately Etcited D-C 235

   Mode.M: f!kl.tt,(t>i ;:, (i+itl)(LEi;.;i?l:li ;;cD,-Mi.., n(t) '-'Li) '', ' (6)

     .. t tt tt .                         '
where '/ . ..,' . ･
               ttt/t
   ton<t) ±= Kvto (t) I V; in (t) = Ri (t) I V; Ee" = Eb/ V; Ls " RF/ KTV

                                                       '                tt t   rmi :JR/(DR+KTKv) : starting time constat of the motor system.

   Tm2=:J/D: coasting time constant pf rhe motor system.

                                  '   re==L/R: electric time constant,

   Kv: E. M. F. constant. Kv:torque constant.
   R : resistance of armature eircuit. L : inductance of'arrnature circuit.

   D:coeficient of viscous friction. J:moment of inertia.

   V:crest value of square wave voltage. Eb:brush voltage drop.

   F:frictional torque. ca(t):d-c motor speed.
   i(t) :armature current.･

2.2. Analog Simulation of D-C Motor System

   Simulation circuit of d-c motor system in Fig. 1 is shown in Fig. 2. Diod D, is

£onnected parallel to feedback condenser of integrator I-1 and carries out the

purpose of Dw in Fig. 1. 0n the mode I, in-put of I-1 is negative, then Di is

noncoducive. It operates as integrator. And eq. (2) is represented by adders A-1

and SC-I, and integrator I-1 ; eq. (3), by A-2, SC-2 and I-2. 0n the mode E, anode-

                             Di ' i-Fnt
          -Eb.
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              Fig. 2. Simulation circuit of separately excited D-C rnotor.

cathod voltage of D, is negative with the aid of feedback condenser of I-1. And eq. (4)

is reprgsented by A-l, SC-1 and I-1; eq. (5), by A-2, SC-2 and I-2. Soon after the

charged voltage of feedback condenser of I-1 becomes null, mode ll turns to mode

M, and the state is held by Di (the armature current is zero in this perid). Then

eq. (6) is represented by A-2, SC-2 and I-2.

    Thus three system equations are expressed by one simulation circuit shown in

Fig. 2.
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               3. Analog Simulation of thq Control System

   On the driving the motor by square wave voltage, rush armature current that

is rich in ripple flows into at starting. This causes excessive temparature rise more

than normal drive, fbr the same out-put power. Then it is desired to have some

current restriction at the frequent application of start and stop.

   Two kinds of armature current restriction methods ar.e described below.

3.1. Peak Armature Current Restriction Control

   Simulation circuit is shown in Fig. 3. And the operational relation ofcompara-

.tors and out-put wave fbrms in each part are shown in Fig, 4.
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               Fig. 3. Square wave voltage generation circuit with peak
                     current restriction.

   Operational principle is as fo11ows.

   Comparator C.P-1 operates in the period in odd number.

generated at point (a). It is expressed as repeated function

This period is defined by 1!ki (ki:coeMcient set by

of comparators C.P-2 and C.P-3 has fo11owing two cases.

    1) When comparator C.P-4 does not operate for a period

put 2Ei(1-tlT)-Va of C.P-2 is possitive, C.P-2 operates (i.

Fig. 4). Comparator C.P-3 operates at aT and this state is

ST (for this period, its in-put is 2E, (1-t/T)-e>O). Then it is

and held this state fbrr7: And so at the point (a) in Fig. 3,

period T and duty factor a is generated.

   2) When C.P-4 operates at a, Z; C.P-2 is reset and C.P-3

C.P-4 is reset at instant (i. e., that is due to electric time

circuit), C.P-2 operates again till aT: But C.P-3 is held this

          Sawtooth wave is

       2E,(1-t/T),(OstsT).

potentiometer P-1). Operation

           T. While the in-

           e., during aT in

         held for the period

           reset at (a+3)T

       square wave form with

          operates. Because

       constant of armature

           state till (cz+3)T
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              2 E,

                                                  .va point(b)

                                                    pointCa)
                  aT aiT

              Fig. 4. Relation of the operation of comparators and out
                    put wave frbm in each part.

by the circuit shown with thick line in Fig. 3. And C.P-3 is reset fbr the time

r7; ¥",,`.hiX,P2r,igd,g.:,inl:,"t, S,2,E,l(5,-,',i.T.l,-e.>.9L' .ith ,eriod 't' and duty factor

ai is generated.

                                                         '3.2. Constant Armat"re Current Control

   Simulation circuit and its operational relation are shown in Fig. 5. IRu is

                                         . n.-h
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upper reference current, IRD is lower reference current and mean current Im== (IRu

+IRD)12. At starting, C.P-1 does not operate for the armature current i<IRu.

Voltage V is impressed on the motor. When the armature current is i>IRu, C.P-1

operates and the motor supply voltage is zero. Then the armature current

becomes i2IRD, and voltage V is impressed on the motor again. Repeating these

operations, constant current control may be done.

                              4. Result

    The result of the simulation of starting characteristics of d-c motor speed and

current without restriction is shown in Fig. 6. At starting, the armature current

over 200% of rated armature current flows (generally normalized rated armature

current is O.3). The ratio of the starting time constant shown in Fig. 6 to normal

d-c motor time constant Tmi is 1.1. The result of the simulation with peak arma-

ture current restriction control is shown in Fig. 7. At this time, peak armature
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starting time constant

circuit constants are

Ebn==O･Ol, Fn =O･OOI, '

result of

references (i.e.,

shown in Fig. 8.

This is the reason

simulation, motor

   Even if it is

given by expressing
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on influence of

coasting time

the optimal design
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                                              iv

                          ]          O 2 4･ 6 8 IO ×lo-2(min)
            Oseillograms of starting characteristics of speed and
            current with constant current control.

          .5 for O.vT, in Fig. 7. After the time T,, simulation is carried

           period T is O.Ol (s) on any conditions. The ratio of the

           in Fig.7 to Tmi is 1.31. In these simulation, motor and

           elected as fo11ows; r.==O.O05 (s), Tnt!= 1.0 (s) Tm2=5.0 (s),

          m Fig. 6 T= O.Ol(s), a=O.5 and in Fig. 7 IRu=O.5. And the

the simulation with constant armature current control which has normalized

      upper reference current O.5 and lower reference current O.3) is

       The ratio of starting time constant to T.2 is nearly equal to 1.0.

        why the armature current is constant on this control. In this

        constants are Tmi= 1.8 (s), Tm2==3.0 (s).

                     5. Conclusion

       trouble to obtain analytically d-c motor characteristics, it can be

          d-c motor system and its control systems on patch board.

     method, we get insight into behavior of d-c motor characteristics

      change in the system parameters (such as, starting time constant,

    canstant and electric time constant). So that it is serviceable fbr

         of square wave voltage d-c motor drive system.

                    Aeknowledgment

                                       '                                              '                                 '
           to express to thier'gratitude to Mr. Yoshihiro Ikeda for his

      advices. The computations in this paper are processed by ALM-

       of automatic control laboratory of department of Electronics.

                       References

      Ishizaki, J.I.E.E. of Japan, 93-3 (1973).



240･ T. Fz-u, H., OKAMoTo and T. IsHizA-

2
)3
)
4
)

Fujii and T, Ishizaki, J.I.E'E. of Japan, 93-9 (!973).

Fujii, Journal of J.A.A.C.E., 17-8 (1973).

      'H. Okamoto, T. Fujii and T. Ishizaki, Lecture in Annual Meating of Kansai Branch of 1.E.E.

ofJapan, (November !971).

L


