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Angle Control for SRCI Fed Induction Motor Drive
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Abstract-The current source inverter-fed induction motor(CSIM) drive is widely used in industry
because of its four quadrant operation,fuseless protection, and ruggedness.The CSIM drive system,
however, has shortcomins such as slow response and dynamic stability to load torque disturbance
and reference speed change, Such a disadvantages can be compensated considerably by means of
introducing additional angle angle control loop. The angle control method is dependent upon the
inverter type.In this paper, simultaneus recovery and commutation inverter(SRCI) which is deve-

loped recently is considered.

1. Introduction

The induction motor has many advantages such
as rugged structure, low cost, and high ratio of ge-
nerated torque to inertia. Since its speed is deter-
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mined by stator frequency, however, an effective
speed control is not a simple task comparing with
that of DC motor. As the static converter techno-
logy is evolved, the inverter-fed induction motor
drive is widely used recently for speed control ap-
plications. In particular, the current source inverter
induction motor drive shown in Fig. 1is typical of
conventional scheme widely used in industry, which
is possible to operate on full four quadrants with
such a simple control loop”. It has ruggged and
robust characteristics together with induction motor
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Fig.1 Block diagram of CSIM drive,

characteristics.

However, the CSIM drive system has disadvan-
tages such as slow response and poor stability to
load torque disturbance and reference speed change.
So far, three predominant schemes such as field
orientation, synchronous control and angle control
scheme are suggested for the control of CSIM drive.
Whereas the field orientation and synchronous con-
trol scheme have complex structure and require
many feedback signals, angle control scheme is sim-
ple in structure and easily implemented. All three
fast response strategies have common denominator
in that they have instantaneous torque angle cor-
rection along with the magnitude control of stator
current for load torque disturbances and reference
frequency change. This aspect is known as frequency
compensation, The angle control scheme is thought
to be a useful scheme to incorporate the frequency
compensation in the simple manner. The disting-
uishing aspect of the angle controlled CSIM drive
is its angle loop or frequency compensation loop.
It is reported that, in case of auto-sequentially
commutated inverter(ASCI), the performance is
enhanced by means of the additional angle control
oop.? Angle compensation is achieved by considering
two terms influenced by the torque angle variation
and inverter time delay, The amount of torque angle
variation is the same for all kinds of the current
source inverters, however, the time delay effect is
different depending on the inverter types, Thus the
angle control loop should be designed differently.
In this paper, recently developed simultaneous re-
covery and commutation inverter is considered and
the angle control method for it is proposed.
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2. Basic Principle of Angle Control

The term angle is defined to be one between the
stator current and magnetizing current in the in-
duction motor, and is generally called “torque angle”,
In fact, even though there is a case that angle con-
trol means to maintain the angle constnt in order
to obtain maximum torque per amperes in steady
state”, angle control is generally used to provide
fast and stable response for induction motor drive,
In the viewpoint of current, angle control means
to redistribute the magnetizing current and rotor
current, and finally to meet the load torque distur-
bance. In another viewpoint of flux, angle control
is effective to maintain air-gap flux constant even
during transient interval,

The angle control method is to add the derivative
of the torque angle to the inverter frequency. By
doing so, not only the speed of the induction motor
can be changed faster but also the required torque
is gencrated faster than the conventional case wit-
hout angle control, and thus finally the induction
motor meets the load torque disturbances effecti
vely, In more detail, a simplified equivalent circuit
of induction motor is shown in Fig. 2(a), and the
corresponding phasor diagram is shown in Fig. 2
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Fig.2 Equivalent circuit(a) and phasor diagram
(b) of the induction motor.
(a) Simplified induction motor equivalent
circuit
(b) Phasor diagram of the motor

(b). When the load torque disturbance is applied,
the torque angle begins to increase(or decrease) from
its initial state &y In this case if the derivtive
portion of the angle is added to inverter frequency,
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the motor unit slip increases(or decreases) faster
to reduce(or increase) the input impedance of the
induction motor faster as well as to increase (or
reduce) the torque angle of it faster. It makes the
delink current or motor stator current I also inc-
rease (or decrease) faster, and thereby the motor
reaches its final state(G¢n, Is.on, Liein) faster. Thus
fast and stabe response canbe obtained in the overall

system.
3. Inverter Delay and Freouency Variation

SRCI which is used in this paper or angle control
is shown in Fig. 3. Looking into the operation of
SRCI, the stored energy in the leakage inductance
of the motor is transferred to the recovery capacitor
during the first part of the commutation. During
the second part of the commutation, the energy in
the recovery cpacitor is recovered to induction motor
itself. This action results in much wider frequency
range with much lower device voltage stress com-
pared with the conventional ASCI*.
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Fig. 3 Schematic diagram of SRCI inverter.

By analyzing the SRCI commutation operation,
the delay time of SRCI is given by

2L
O
where
Le :leakage inductance of induction motor
lg :dc link current
Veo : recovery capacitor voltage
E, ‘back emf of induction motor during

commutation interval,

856

Trans. KIEE, Vol 37. No. 12 DEC 1988

The commutation time delay T4 of SRCI depends
on the operating point of the induction motor. Fig,
4 shows Ty as a function of load current for several
respective values of inverter frequencies.

The inverter output frequeny variation due to
the commutation delay T4 which is dependent upon
the operating point can be derived. If the period
of the inverter command frequency is denoted to
Ts as shown in Fig. 5, the period of inverter output
frequency is given by

— * | N 2 «
Ts o T4 di (21

Thus the inverter output frequency e can be

expressed as

o= 2n 2 o we (1)
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Fig. 4 Inverter delay(Tq4) .vs. current(ly) for five
values of inverter frequency(we).
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Fig.5 Current waveform showing frequency varia-
tion due to inverter delay T4 (dashed line :
ideal waveform, solid line : delayed waveform
by Ta).

If T4 is constant reagardless of the operating point
of the induction motor, we becomes equal to we",
However, T, is generally dependent upon the ope-
rating point and thereby the inverter output freq-
uency is deviated from the inverter command fre-
quency by —we*dTy/ dt. If the derivative of Ty is
positive(negavive) the inverter output frequency
decreases(increases) lower(higher) than the inverter
command frequency. The unit frequency gain loop
including the effect is shown in Fig. 6,

o * 9Ty

€ dt  + ~

Fig. 6 Unit gain loop with angle control considering
the effect of T4y,

In addition, since wWe=w,+wg and e '=r+wy",

from (4) we obtain

This equation shows that the actual slip frequency
in the induction motor is deviated from the com-
mand slip frequency by —&e"dTq/ dt. Thus if the
angle control loop is designed without considering
the effects of Ty, the desired performance can not
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be obtained. The effect of T4 should be considered
and compensated in the angle control loop.

4. Proposed Angle Control Method For SRCI

The torque angle in the induction motor is fun-
ctions of torque producing component I, and flux
producing component I of the stator current, and
the relation is expressed as

I .
== lan | = )
8==1an I, 6

If the air-gap flux of the induction motor is cont-
rolled to be constant, the flux prodcing crrent or
the magnetizing current is constant, Then the deri-
vative of the control angle becomes

4o dodl, -
dt d]g dt X
where
df  In .
I T T I 8)

If the capacitor voltage V¢, of SRCI is controlled
proportional to the inverter frequency with an offset
voltage, the inverter commtaion delay can be given
by

P e &l
where
Li=vIi+1a
Then, we obtain
dTs _ dT. dI, i
dt dl, di S
where
dTy _ 2L.1, 1

Al (kwe t Veoosrrsee TENVIZFI]

From (7) and (10), the amount of frequency added
to the inverter frequency for angle control can be
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represented by the sum of the two components as

Abeq _ - 48 |« dTa
ai - Kgr Tee g 12

where the first term of the right-hand side denotes
the compensating gantity of the torque angle and
the second term denotes that of the inverter time
delay. Thus From (7), (10) and (12), we can write

. d o
s Ky, (L. wt) 5 13

where

‘ _ e de dT, (14
Kg,, e o) =Kqp, vl gy, i

Angle control loop can be designed using equation
(13) and can be implemented as shown in Fig 7.
The overall block diagram including the loop is
shown in Fig, 8. The actual values of each term of
equation (14) is shown in Fig. 9 as function of load
current for three different values of inverter freq-
uency for 5 Hp induction motor drive, It shows that
the effect of commutation delay T4 gradually do-
minates as the load current increases,
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Fig. 7 Torque angle controller.
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Fig. 8 Block diagram of angle-controlled SRCI in-

duction motor drive.
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Fig. 9 Kd6 / dI; and we* dTy / dI, .VS. torque curent
(I;) for th ree values of inverter frequency
(20Hz, 40Hz, 60Hz).

5. Effects of Angle Control on Overall Stability
And Dynamic Characteristics

5.1 State Equation of Overall System

The state equation describing overall system ex-
cept speed controller is obtained as shown below
by adding the states of the respective blocks to
motor equation® and including the invertcr output
frequency variations due to the inverter time delay
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The third term dBeq/ dt in expression(16) is ad-
ditional term for angle control.

5.2 Effects of Angle Control on System Stability

The overall system is simply represented in Fig.

10. The loop transfer function of this system can

+
Gels) Gp(s)pr—n
Wref W) W
-1 speed controller  plant

Fig. 10 Simplified representation of the speed control
loop.

be given by Gc(s)Gp(s)g where the part of loop
transfer function including variations due to angle
control loop is Gp(s). If G¢(s) is defined to be unity,
the effects of angle control to the system stability
can be shown by the Bode plot of transfer function
Gop(s). To plot the Bode diagram, the overall system
should be linearized at the operating point, and the
transfer function Gp(s) should be obtained. At the
operating point wp=>56.5Hz, T)=10N.m, the gain
and phase of transfer function w;/ws is shown in
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Fig. 11 for both with and without angle control
cases. As shown in Fig. 11, phase margin is imp-
roved, when angle control is done. In other words,
the bandwidth can be increased further for the same
phase margin,

[dB] [deg]
35 ] -80 l’
1 +4 1
0 I -2 11
4 -+
35 4 I -170 4
620 636 200 020 636 200
[rad/sec] [rad/sec]

{a) Magnitude of © /] (b) Phase of w /v

Fig.11 Bode plot of CSIM drive for SRCI(I. with
angle control, I1, without angle control, at
wro=56.5Hz,T\=10Nm)

5.3 Effects of Angle Control on System Dynamics

In order to obtain the transient response, the state
of the speed controller is added to the equation(15)
and Runge-Kutta method is applied to the resultant
equations, Here PI controller is used as speed con-
troller, In Fig, 12, I and [[] show the responses of
SRCI and ASCI, respectively, without angle control,
[I shows SRCI response with compensation of the
inverter output frequency variation due to Ty only.
and [V shows the response of SRCI with full com-
pensation, It shows that the angle control applied
for SRCI provides faster response, lower overshoots

and better stability, In addition, the air-gap flux
of the induction motor is kept nearly constant even

during the transient interval of load torque change,
6. Experimental Results

The experiment was performed using the 5 Hp
induction motor of which the parameter are

Rs=0450Q Rr=0470Q
Ls=77.3mH Ly=78.9mH
Lm=76mH J==0.12kg -m®

B=0.0082kg -m?/sec
As the inverter, SRCI shown in Fig.3 is used in the
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Fig.13 Oscillograms of step responses of dc link

B
f %1 current for abrupt load torque 0.7pu input.
" W (upper : no compensation, lower : with com-

pensation) 5A / div, 0.2sec / div,— : GND,

0.715e4+01
0. 700e+00 j L
0 05 o T (iee)
(b) Gencrated torque.
(A}
0. 115040 I
\, Fig.14 Oscillograms of step responses of rotor speed
+ for abrupt load torque of (.7pu input.(upper
0.875e+01 . .
? ] : no compensation, lower : with compensa-
tion) 60rpm / div, 0.2sec / div, — : 600rpm.
0.600e+0! 1
0 0.5 T 1 {sec)

(c) Dc link current.

Fig. 12 Dynamic characteristics(I. SRCI without
angle control, I1, SRCI with compensation
of the inverter time delay Tq4 only, [I. ASCI

without angle Control, [V. SRCI with angle (@l step load applied i) step load released
control, at wrer==30Hz T, : from (0 N.m to
10 Nam).

Fig. 15 Oscillograms of step responses of compen-
sation frequency dBeq/ dt for abrupt load
torque of 0.7pu input 1 Hz / div, 0,1sec / div,
— : OHz,

experiment, Oscillograms of the dc link current and
rotor speed for abrupt load torque are also shown
in Fig. 13 and Fig. 14, respectively. In these cases,
the speed of the induction motor was 600 r/ min
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and the magnitude of step load torque change was
0.70 pu. The upper trace of each oscillogram corres-
ponds to without angle control loop and the lower
trace coresponds to with angle control loop, respec-
tively. Fig. 13 shows that the overshoots of the dc
link current are reduced and the system responses
are considerably improved comparing with no com-
pensation. In particular, when the load torque is
released, the effects are more obvious of compen-
sation frequency dBeq / dt. As shown in the oscillog-
rams, the angle control has a dominant effect es-
pecially on the transient response of the system,

7. Conclusions

The angle control method for recently developed
SRCI inverter is proposed. Angle compensation is
achieved by considering two terms influcnced by
the torque varation and inverter time delay, The
amount of torque angle variation is the same for
all kinds of the current source inverters, however,
the time delay effect is different depending on the
inverter types, Complete analysis and computer
simulation for these effects are given in this paper.
By applying the angle control technique to the SRCI
induction motor drive, good dynamic response and
large phase margin are obtained. It is shown that

the angle control has a dominant effect especially
on the transient response of the system, which is
verified through the experiment. The improvement
of the dynamic response is thought to be due to
the nearly constant air-gap flux during the transient
interval of load torque change.

REFERENCES

1) K.P. Phillips, “Current Source Converter for a
Motor Drives”, IEEE Trans. Ind. Appl, vol.IA-
8, no.6, pp.679-683, Nov. / dec 1972

2) R. Krishnan, etc, “Design of Angle Controlled
Current Source Inverter-fed Induction Motor
Drives”, IEEE Trans. IA, vol.IA-19, no.3, May /
June 1983,

3) Loren H. Walker, “A High Performance Cont-
rolled- Current Inverter Drive”, IEEE Trans,
Ind. Appl, vol.IA-16, no.2 Mar. / Apr. 1980.

4) Gyu. H. cho, Sun, S, Park, “A New GTO Current
Source Inverter with Simultaneous Recovery and
Commutation”, IEEE international conference,
1986,

5 Edward P, Cornel, etc., “Modeling and Design
of Controlled Current Induction Motor Drive
Systems”, IEEE Trans. IA, vol.IA-13, no .4, July /
June 1977.

SRCI & FLXE2] Alage| Angle Control

861



