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Abstract: - DC Motors is considered one of the important machines in control systems such as industrial robots,
vehicles, and process control. Current control of a DC drive is very desirable because by controlling the current,
the torque is controlled. Moreover, current control can be used to prevent large damaging armature currents
during start-up. A good current loop is very important when setting up a DC drive. When the control of the
current loop is good, the steady state motor current should respond exactly with the reference current, and the
transient response to the step change in the reference current should be fast and well-damped. This paper
presents two different types of current controller converters that are commonly used in DC motor drives. The
first converter is a 4-quadratic switch-mode DC-DC converter, while the second controller is a 3-phase
controller rectifier. Both current converters were simulated using Matlab Simulink, where a PI current
controller for the inner loop current control DC motor controls these converters. The PI controller was designed
based on the Bode plot frequency response method. In this research, the design procedure was based on the
small signal model and then, verified using a large signal model. The simulation result showed that the
performance using a 4-quadrant DC-DC converter gave better performance than a 3-phase rectifier.
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1 Introduction high performance requires the use of DC-to-DC
DC motors were used last time. The DC network converters, [3], [4], [5], [6], [7], [8], [9], [10], [11],
was the first developed electric network and was [12], [13], [14].

constructed to work on the DC electric network.
Nowadays, the majority of industry-installed motors
consist of AC motors, due to their high-speed 2 Four Quadrant Converter

operation and their smaller volume and weight. The developed model for the two-quadrant
Additionally, AC motors, due to their construction, converter can be used as a building block in
require lighter maintenance and are cheaper developing the model for the four-quadrant
compared to DC motors. However, DC motors are converter, [15]. As illustrated in Figure 1, the four-
still used for several reasons, including, wide speed quadrant converter is composed of two legs, A and
range, starting and accelerating torques more than B, with each leg similar to the other.

400% of their rated values, good speed regulation,

devices and are subdivided into chopper-fed and
controlled  thyristor-fed  drives, [1].  The
classification of DC motor drives can be done
according to the type of the utilized converter,
which controls the speed and the torque of the DC
motor, [2]. Nowadays, controlling DC motors with

Modern DC motor drives utilize power electronic ;’{‘?4 ‘:‘ff”“ ?
P

LegA LegB
and simpler and cheaper control systems. Their ‘ =
main applications include the manufacture of pulp, 3 ‘ |
paper, and paperboard, propulsion of -electric o LD“ S ns 03";_5
vehicles,  textile  industries, and  public L | Nl I :
transportation, such as subway and trolley systems. 1\ :J '

! Ql'_F
il

Fig. 1: A developed model for a four-quadrant
converter
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The instantaneous voltage Va can be made either
equals.

For positive current

Va=Vq4 when Ql and Q2 are ON

Va=-Vg when D3 and D4 are ON

V.=0  when current freewheels through Q & D.

For negative current

Va=Vdc when D1 and D2 are ON

Va=-Vdc when Q3 and Q4 are ON

Va=0 when current freewheels through Q &
D.

In the four-quadrant converter, two switching
schemes are normally employed which are the
bipolar switching scheme, and the unipolar
switching scheme, [15].

2.1 Bipolar Switching Scheme

Leg A and Leg B obtained the switching signals
from the same control signal. This implies that
switching Leg A and Leg B are always
complements. In a forward-breaking mode where
the average voltage V., is positive and smaller than
the back emf of the armature, the current will flow
through D1 and D2 when V, = V¢ and will flow
through Q3 and Q4 when V, = -Vg. By using the
comparison between the control signal and
triangular waveform as shown in Figure 2, the
waveform q and g were obtained as shown in Figure

Fig. 2: The control signal, V. and triangular
waveform, Vi in a bipolar switching scheme.

The waveforms g and ¢ were obtained from the
following rules:

_ {0 Ve < 2Vtri

U V>2v, Ma=d
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Fig. 3: Waveforms for q and g after a comparison
between V. and Vi

2.2 Unipolar Switching Scheme

In the unipolar switching scheme, the switching
signal for Leg B is obtained from the inverse of the
control signal for Leg A. Figure 4 illustrates the
unipolar switching scheme and Figure 5 shows the
resultant waveform g and .

Rl il

|
T——-? . ' | 'ORCERSeN

\/

X

~ ‘I 9

Fig. 4: The control signals V. and triangular
waveform, Vi in a unipolar switching scheme

Fig. 5: The resultant waveform in a unipolar
switching scheme

The waveforms q and § were obtained from the
following rules:
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_O Vc<2Vtri = __
q‘{l V> 2V, “da=4
_{0 V. < Wy
U -V 2V

The relationship between Vu(s) and V(s) for
both Bipolar and Unipolar is
Vas)  Vac

Vc(s) Vtri

ey

3 Three-Phase Controlled Rectifier
The steady state and dynamic behavior of the
controlled rectifier are highly nonlinear which can
be described by a nonlinear differential equation.
Thus, to simplify the controller design for the
controlled rectifier, an average or linearized model
is used. However, tile approximation is only valid if
the bandwidth of the control loop is much lower
than the sampling frequency to ensure a continuous
current mode. Figure 6 shows the closed loop AC-
DC controlled rectifier.

Lyr 1
o > Current
o )-
’ Controller

L/
{ Firing

= t
] Creult |

X
Controlled
Rectifier

Fig. 6: Close loop AC-DC controlled rectifier

The relationship between the average voltage and
the firing angle of a 3-phase controlled rectifier is
given by [16]

3Vm
V, = -, cosa

(2)

Vyms(line — line) = 141v, £=50Hz and with a=0.

Vin
Vims = —= 3
rms \/7 ( )

V, =141 x2=199.4v
V,=190.416 v

4 Proportional Integral Controller

The proportional term and the integral term are
combined to form the PI controller. The PI
controller has a beneficiary effect on the steady-
state error since ti increases the system type of the
system by one. In general, the proportional term
affects the system’s stability. Where too high
proportional gain gives oscillation or an unstable
system. The integral term is used to eliminate the
steady-state error. However, setting the integral gain
too high is to invite oscillation, instability, and
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integrator windup or actuator saturation. The
transfer function of the PI controller is

Us) K +Kps K1+
E(s) s B s

S
KL'/KP)

Ge(s) = 4)

5 Simulation Results and Discussions
In this section, the simulation is done using Matlab
Simulink to see the characteristics of the two current
controller converters. Firstly, the 4-quadratic
unipolar converter has been done, then the 3-phase
controlled rectifier. Both current controllers were
simulated using the linear small signal model and
large signal model. Table 1 shows the system
parameters.

Table 1. System parameters

Component Value

Vdc 200 v

Vi Sv

firi 5000 Hz
Nraled 1313 I'pm
Vraled 120 v

Ra 0.8 Q

L. 103 mH
Kr=Kg 0.764 vs/rad
J 2 Kg.m?

B 0.06 N.m.s
f 50 Hz

5.1 Simulation Result using 4-Quadrant
Converter

Use the parameters in Table 1 to design a small
signal model, which is shown in Figure 7. In this
research, the PID controller simulation block is used
and to use the PI controller the derivative term is set
to zero. Figure 8, and Figure 9 shows the Bode plot
and Pole Zero location of the open loop gain with
Ky=1 and K=0.

PID [—#ve a gk speed Tertor1
"™ PIb Controller T
Unipolar Switching |—"‘TI . Out1

Ti| 0

DC-Maotor Drive Terminatar

Fig. 7: Small signal model for 4-quadratic converter
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Bode Diagram
From: snm\\uodelulllnl (pt. 1) To: DC-Motor Drive (pt. 2)
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Fig. 8: Bode plot of a small signal model for a 4-
quadratic converter
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Fig. 9: Pole zero location of a small signal model

From Figure 9, the system has two poles at 0.415
and 7.38. If the zero crossover frequency of the PI
controller is set at 4 rad/sec, then K; /Kp=4 rad/sec.
and if the DC gain is set to unity (by setting K; =1),
then Kp must be set to 0.25, the Bode plot for this
condition is shown in Figure 10.

Bode Diagram
From: ass1ql/In1 (pt. 1) To: DC-Motor Drive (pt. 2)
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Fig. 10: Open loop gain with Ki =1 and K, =0.25
(solid line) for 4-quadratic converter
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From Figure 10 it can be seen that the crossover
frequency or the bandwidth is too low. To increase
the bandwidth while maintaining the zero at 4
rad/sec, the value of K; needs to be increased. At the
same time, K; needs to be changed accordingly so
that the zero at 4 rad/sec is maintained. Since the
bandwidth is 500 Hz = 3.14x10° rad/sec. the
magnitude curve has to be raised by 32.5 dB.

20 logK; = 32.5
K; = 10625/20) = 42169
Kp = 10.542

The new controller gains K; and Kp are used in
the simulation diagram and the Bode plot is
obtained as shown in Figure 11.

From: ass1ql/Inl (pt. 1) To: DC-Motor Drive (pt. 2)
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Fig. 11: Bode plot for K; = 42.169 & K, = 10.542
(dash-dotted)

From Figure 11, the magnitude is nearly zero dB
and the phase margin is greater than 65°, then we
take the computed values of K; and K, to be
implemented into the large signal simulation as in
Figure 12.
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5.2 Simulation Result
Controlled Rectifier
The linear small signal model for the 3-phase

controlled rectifier is shown in Figure 13.
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Fig. 13: Small model

converter

signal for 3-phase

It is desired that the bandwidth of the current
controlled converter be 30 Hz. The poles are at the
same location because we use the same system so
we use the same pole-zero location as in Figure 9.
Therefore, Figure 14 shows the Bode plot of the
open loop gain with K,=1 and K;=0.
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Fig. 14: Bode plot of a small signal model for a 3-
phase converter

Same as 4-quadratic. K; =1 and K, =0.25. The
Bode plot for this condition is shown in Figure 15.
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Fig. 12: Large signal model for closed-loop current control for 4-quadratic converter
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Fig. 15: Open loop gain with K; =1 and K, =0.25
(solid line) for 3-phase converter

From Figure 15 it can be seen that the crossover
frequency or the bandwidth is too high. To decrease
the bandwidth while maintaining the zero at 4
rad/sec, the value of K; needs to be decreased. At the
same time, K; needs to be changed accordingly so
that the zero at 4 rad/sec is maintained. Since the
bandwidth is 30 Hz = 188.49 rad/sec, we need to
decrease the gain by 5.47 dB.

20 logK; = —5.47
K; = 05327 and Kp = 0.1331

By putting the new values of K; and Kp in the
simulation diagram, then the Bode plot of the new
values is shown in Figure 16.

From Figure 16, the magnitude is nearly zero dB
and the phase margin is greater than 65°, then we
take the computed values of K; and K, to be
implemented into the large signal simulation as in
Figure 17.
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Fig. 16: Bode plot for Ki=0.5327 & K, = 0.1331 (dash-dotted) for 3-phase converter
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Fig. 17: Large signal model for closed-loop current control for 3-phase converter

Figure 18 and Figure 19 show the torque
response for the 4-quadratic converter and 3-phase 20
converter respectively.
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Fig. 19: Torque response for 3-phase converter
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Fig. 18: Torque response for 4-quadratic converter
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It can be seen from the simulation results that the
3-phase converter produces more ripples compared
to that of the switch-mode 4-quadratic converter,
which is almost not observable.

6 Conclusion

In this research, two different control models were
designed by using a 4-quadrant DC-DC converter
and a 3-phase rectifier to control the DC motor drive
in Matlab Simulink software. The PI controller
parameters have been designed based on the open
loop frequency response technique using a small
signal model, then used in a large signal model.
From the simulation results, it can be concluded that
the 4-quadratic converter has a faster response with
zero overshoot and zero steady-state error. In
addition, it tracked the reference signal almost
immediately. While the 3-phase controlled rectifier
has low control bandwidth and high-frequency
current ripple.
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