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investigation. For experimental work, the pulse width modulation (PWM) has been
implemented in MATLAB environment with Simulink real-time interface. Meanwhile,
the hardware implementation consisting of dSPACE digital signal processor, voltage
source inverter and generator-coupled motor. Variable speed test was performed on
the loaded motor in open loop and closed-loop design to obtain speed tracking

Keywords: response parameter as well as speed ripple. Overall performance of developed system
dSPACE; motor drives; asymmetric is satisfactory where in low-speed operation, experimental results show good speed
bridge converter; Pl-control tracking performance with ripple within 20%.

1. Introduction

The purpose of motor control in variable speed drive is to obtain a cost-effective control of motor
parameters such as speed, torque, and position. Widely used in industry to drive conveyors,
centrifuges and pumps, variable speed drive provides superior efficiency and substantial cost
reduction than the conventional constant speed drive combined with mechanical component (such
as throttle valve or damper) [1]. Variable speed drive extends its use in more precise and complex
applications such as Electric Vehicle (EV) and air drones, where more sophisticated control algorithms
such as vector control and Model Predictive Control (MPC) are required [2]. With the advance of
embedded computing technology through digital hardware platform such as Field Programmable
Grid Array (FPGA) and Digital Signal Processor (DSP), incorporating the complex algorithm into motor
drive design has been made possible. This, combined with seamless design integration through
MATLAB/Simulink programming which is intuitive in nature, has greatly reduced the development
and testing time for new advanced algorithm in motor drives [3]. In a typical design approach, the
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entire system is modeled, and the controller is designed such that the closed-loop system meets
specific design requirements. The performance criteria are observed in MATLAB/Simulink simulation
before hardware implementation. A combination of controller emulation using a software platform,
along with the actual hardware under control, does greatly hasten the design procedure and can
predict the system performance more accurately. Previous motor-control drive works has been
implemented using FPGA platform, and DSP, specifically dSSPACE1104 [3-9]. The aim of this work is to
develop a digital hardware-based closed-loop motor drive control system that has the flexibility to
design and test advanced control algorithm on variety of motor types. This work consists of the
development of closed-loop motor-drive control system using platform dSPACE1104. The converter
in use is asymmetric converter which is popular with Switched Reluctance Motor (SRM) but can also
be used with DC Motor in uni-directional operation. Incremental encoder was used to feedback
speed parameter and Proportional-Integral (Pl) controller is used to compensate speed error for the
system to meet drive requirement.

2. Motor Control: Theoretical and Practical Consideration
2.1 Modelling of Separately-Excited DC Motor

Brushed DC motor was first commercialized in 1886 [10]. Even though motor design has evolved
since, several type of DC motor namely: series motor, permanent magnet motor (PMDC) and
separately excited DC motor remains prominent in the industry in electrical propulsion, cranes, paper
machines and steel rolling mills applications [19].

Separately excited type is still used particularly in educational research labs as they provide
stable, linear output over wide variation of load. In this topology, field and armature windings have
separate power supply. The equivalent circuit of an independently excited DC motor is shown in
Figure 1 [11].

Fig. 1. Equivalent circuit of Separately-Excited DC motor [11]

On the armature side, circuit parameter is described as follows:

Vo = Rgig + La%"’ K. w, (1)
where, V,is armature voltage, i, is armature current, R, is armature resistance, L, is armature
inductance, K, is back-emf constant and w, rotor speed. Term K,w, is back-emf component and is
speed-dependent. When current flows in the armature winding surrounded within flux field, the
rotor will generate torque to start rotation. Consequently, back EMF is produced in proportional to
rotating speed. Net rotor current will generate net torque to keep motor rotation at determined
speed.
On the field side, circuit parameter is described as follows:
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where, Vris field supply voltage, Ry field resistance, Ly field inductance, and if field current. Field
current produces flux through the field winding. The field current is unaffected by changes in the
armature current, leading to stable and constant magnetic flux.

For direct-drive motor-load system, equation of motion is described by:

dwy
T, = ]eq?"’ Beqwr + T, (3)
where, T, is required electromagnetic torque, J.q = /i, + ], and Be, = By, + B respectively are

equivalent moment of inertia and equivalent damping coefficient which accounts for both motor and
dwy . . . . .
load, % is required acceleration and, T; is load torque. When motor is coupled to the load, motor

must generate torque equal to the load torque to enable uniform rotational speed.
Developed electromagnetic torque T, , is proportional to armature current for a constant flux in
air gap and considering fixed field in separate excitation:

T, = K.i, (4)
Therefore, controlling armature current will control torque.
2.2 Proportional-Integral (Pl) Closed-Loop Control

Since the net armature current affect the torque generated by motor, control can be realized
using PWM technique where average voltage and thus, average current to armature are controlled
through inverter / converter circuit. This technique reduces power loss associated to voltage drop as
it decreases average power delivered to a load through fast switching control [12]. A variable duty
cycle PWM is compatible with digital control and PWM at high switching frequency works well for
motor control as inertia load are resistant to discrete effects [13]. The converter circuit typically have
fixed DC Bus Voltage as input, and the controlled output is achieved through switching of
MOSFET/IGBT transistors of the converter according to PWM signal [20]. In closed-loop control such
as in Figure 2, speed is measured through sensor/ encoder and fed-back to the computer for
comparing with reference speed [13]. The error difference will be used to drive the control signal and
modulated into PWM signal to drive the converter. In more advanced scheme, cascaded control has
been employed where speed control implemented at outer loop and current control at inner loop
[14]. While this method allows better control at above base speed operation, stability and complexity
involving bandwidth matching pose a challenge.
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Fig. 2. Closed-loop variable speed control [13]

In Proportional-Integral (Pl)-control scheme, the controller generates an output signal, u(t),
which is proportional to the input signal, V; (t), as well as the integral of the input signal, denoted by
[15]:

u(t) = K,V () + K; [V; (t) (5)

The reference speed and the actual speed are compared using the comparator, and the error
signal obtained is then sent to the Pl control. The correct response can be attained by tuning the
integral gain K; and proportional gain K,,. The duty cycle is then varied, changing the input value to
the Pl controller.

2.3 Asymmetric Bridge Converter

There are various topologies of converter circuit to drive DC motor with the most popular is the
H-bridge circuit. H-bridge circuit allows operation on both forward and reverse rotation due to ability
to supply bipolar current [16]. Alternatively, asymmetric converter can also be used to drive DC
motor.

Figure 3 shows a topology of one phase asymmetric converter. The converter is widely used with
Switched Reluctance Motor (SRM) that operates on three, four or five phases depending on the
motor type. Apparently for this topology, identical topology is cascaded to the converter depending
on the number of phases to be operated. Two switches are present in each phase so that each SRM
phase can operate independently [17].

An asymmetric converter has three operating modes that supply a different voltage level across
each phase of the machine. By controlling the state of the two switches in each phase leg, it is possible
to generate three voltage levels: +Vpc, -Voc, and zero voltage to the phase [18]. To drive the DC motor,
only one phase of the circuit is operated by switching the two transistors in the phase. However, the
output phase current is unipolar, thus allowing only one direction control for the DC motor.
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Fig. 3. Asymmetric converter (one phase) [17]
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3. Proposed Separately Excited DC Motor Closed-Loop System in MATLAB/Simulink
3.1 Simulation Design

Based on topology in Figure 2, the motor control drive system is first designed and simulated
using MATLAB / Simulink before verification using hardware platform. The simulated motor
parameters were as in Table 1. Sampling time selected was at 1e-4 (frequency of 10kHz). Three-phase
asymmetric converter was used to drive the motor with only one phase of the converter driven by

PWM signals. Proportional-Integral (Pl) gain are selected at 0.5 and 10 respectively and the load
torque is at 20Nm.

Table 1

Simulation parameters

ltem Value

Winding Separately-excited 150V

Rated Voltage 240V DC
Rated Power 5hp
Rated Speed 1750 rpm

3.2 Experimental Design

Figure 4 shows block diagram of experimental asymmetric converter with closed-loop PI control
and PWM as modulator. Figure 5 shows the experimental setup of the motor drive system. The
proposed control is realized through dSPACE1104 controller board (based on architecture DSP
TMS320F240) in the computer. Variable DC Power supply was used to provide 70V DC BUS converter
voltage with 1000uF capacitor as stabilizer. The asymmetric converter is a three-phase type consists
of MOSFET IRFP4310 transistors and diodes. The maximum voltage rating for the MOSFET is 100V
and hence operable voltage is limited at 70V.
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Fig. 4. Block diagram of experimental asymmetric converter with closed-loop Pl control and PWM as
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Fig. 5. Experlmental setup of the PI-Control Separately- ExatedDC
motor using dSPACE hardware platform

The motor-load consisted of 185W separately excited Brushed DC Motor coupled to DC
Generator connected to several bulbs (each rated 60W) to provide various load torque. Table 2 shows
the experimental parameter. SICK incremental encoder with resolution 2000ppr to measure motor
rotational speed and is fed back to the controller board. Only one phase of the asymmetric converter
is used to drive the motor. Each MOSFET transistor is driven by PWM signal through a gate driver
circuit, that provides adequate voltage and current to drive the MOSFET from low power PWM signal
ex-dSPACE1104 output. Through split inductor design in the circuit, isolation between high power
side asymmetric converter and low power side dSPACE1104 is possible to protect the latter from
overcurrent and short-circuit that may occur on high side.
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Table 2

Experimental parameters

Iltem Value

Winding Separately-excited 240V

Rated Voltage 240V DC

Rated Current 1.2 A

Rated Power 185 W

Rated Speed 1400 rpm

Load 2 bulbs (120W)

Programming dSPACE1104 is realized through MATLAB / SIMULINK RTI (real-time interfacing)
blocks, as shown in Figure 6. Sampling and switching frequency utilized was 1kHz. Encoder signals
were configured as single-ended to the QEP dSPACE input. From there, the signal was converted to
RPM unit through calculation and filtered using 10Hz low pass filter to smoothen the speed signal.
The signal then is fed-back to summation block where reference signal is compared. The error than
is processed using Pl-control with parameters similar to simulation, before control signal in the form
of PWM duty cycle is generated and fed to PWM channel. Once design and parameter setting is
finalized, the SIMULINK RTI program is run using BUILD command where it is converted to several
files that will be read by CONTROLDESK software, a dSPACE accompanying software. The speed
response signal is accessible in time waveform from plotter in CONTROLDESK software.

>, T ]
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P Cortroller 4% :I 3—:: PV Channel 3
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Fig. 6. SIMULINK RTI block program for the experimental setup

4. Results and Discussions

Figure 7 shows the simulated result of 3-level phase voltage ex-asymmetric converter. Figure 8
shows the simulated speed response (in rpm) for the Pl-controlled motor (orange plot) versus the
reference (blue plot). From simulation, the speed response tracks the reference well. The reference
speed was for the motor to rotate between 300rpm and 100rpm alternately. The speed ripple was
recorded below 10%.

Figure 9 shows the phase voltage waveform ex asymmetric inverter at output terminal. To
emphasize the clarity of three-level voltage, the data was collected at open loop with duty cycle set
at 50% and DC bus voltage at 50V.
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Fig. 8. Simulated speed response of Pl-control

Figure 10 shows experimental open loop response for motor under test. In the open loop, duty
cycle was varied between 0.6 to 0.8 alternately in space of 5 seconds. Figure 11 shows experimental
motor speed response (red) versus reference (green) when the motor under test was subjected to
variation of speed command 5 seconds low speed (100rpm) and 5 seconds higher speed (300rpm)
with control implemented. Limitation on speed command for testing was imposed as the converter
operable voltage was limited at 70V. Overall, the response was satisfactory and shows good tracking
and stability. However, there is still ripple present within 20% in the speed response. At higher speed,
the ripple may be reduced as rotor inertia will cancel the ripple effect. The experimental rig may also
be improved with employing higher resolution encoder and better noise shielding technology for
sensor cable to achieve better ripple performance.
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Fig. 9. Three-level Phase voltage at the motor input terminal (oscilloscope
settings: 10V/div vertical and 1ms/div horizontal)
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Fig. 10. Open loop response for speed control of DC Motor as
displayed on dSPACE CONTROLDESK plotter
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4. Conclusions

Flexible motor drive system has been successfully implemented in hardware using dSPACE1104
platform where closed-loop control using Pl-controller has been achieved. Asymmetric converter was
used where it enabled unipolar operation. Good tracking performance was observed in experimental
speed response while the ripple was acceptable at 20% during low-speed operation. The limitation
imposed on maximum bus DC voltage at asymmetric converter constraints the speed testing from
operating at higher speed.
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