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Abstract — A three-phase induction motor emulator using
power electronic converters is introduced in this paper. The
emulator is intended to be used in an ultra-wide-area grid
transmission network emulator represented by regenerative
converters structure. The load emulator converter is controlled
in rectifier mode to behave like the real induction motor load,
whose model is described and programmed in the digital
controller. This paper discusses specifically about the
induction motor dynamic modeling, numerical method used in
the controller, and finally experimental result verification of
starting up transient.

Index Terms — Hardware testbed, regenerative converter,
ultra-wide-area transmission network emulator, power
electronic load, control algorithms, Runge-Kutta method,
starting up transient, dynamic performance

I. INTRODUCTION

Power electronic converter could be controlled to
emulate various kinds of dynamics in flexible ways [3-5, 7].
It could behave almost exactly like the model described in its
controller whose time scale is much longer than the
controller reacting time.

The induction motor, for example, has the typical
dynamics time scale of around several seconds or hundreds
of milliseconds. The power converter could react quickly to
the reference changes, usually within tens of milliseconds or
even several milliseconds. So the power converter is fast
enough in voltage-current relations compared with that of a
three-phase induction motor to represent its behavior. This
comparison could be applied to most of the power system
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Figure 1. Power converter emulator structure.
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Figure 2. Proposed grid emulation system structure.

components, which means that the generators, induction
motors, renewables, most kinds of loads, etc. can be
represented by power electronic converters. The structure of
power converter emulator is presented in Fig. 1. By flexibly
programming power system component electrical relations
inside a controller, current/voltage command representing
dynamics of a component model inside could be calculated
to work as references for the converter to track. Then, the
power converter could behave exactly as designed, and by
combining different kinds of emulators together, various
scenarios of simulations could be initiated and studied [2].

Fig. 2 shows the architecture of the power electronic
converter based scaled hardware test-bed (HTB), which
emulates the power system performances with inter-
connected emulators [2]. This universal hardware testbed
will be established to match the real power system
components. With it, various kinds of advanced and state-of-
art technology could be tested and verified by changing the
configuration or controller models. Meanwhile, different
network and scenarios of power system dynamics could be
analyzed and emulated through the test-bed.



In order to perform like actual power system
components, a robust control scheme should be built in the
emulator controller in order to imitate the actual dynamics
[4, 6]. Different from conventional loads, power electronic
loads in HTB offer the option of demand and supply power
on the grid emulator side while circulating it on the DC side,
which is especially beneficial when working under high
power condition.

In this paper, the motor load emulator design procedure
is discussed in detail.

II. EMULATOR STRUCTURE

Three-phase induction motor is a very common large
power system load. Its dynamic transient performance could
induce power system voltage and frequency fluctuations. So
an accurate emulator representing its dynamic behavior is
crucial to the system's overall simulation.

The electrical inputs to a three phase induction motor are
three-phase AC stator voltage V. and electrical frequency
w, and electrical outputs are three-phase currents /.. The
electrical characteristics are also determined by the
mechanical relations between torque 7 and rotating speed w,.
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Figure 3. Induction motor load emulator structure.

As illustrated in Fig. 4, the calculation begins from
sampling of three phase voltage V.. After PLL operation,
frequency and angle are obtained and used as dq
transformation angle reference.

The induction motor model is described in dq domain
with relations among voltage, current, flux, torque, inertia
and rotating speed. After each iteration cycle, i.e. each PWM
calculation period in the DSP, references of three phase
currents would be deduced and used as commands for the
current controller to track. Finally gate signals are generated
accordingly and fed to the converter.

III. THREE PHASE INDUCTION MOTOR MODEL

The motor model equations are using the reference frame
of synchronous rotating speed so that input voltages are all
constants in the dq domain.

Equations (1) - (3) are the model equations describing
electromagnetic and electromechanical relations between
flux, current, voltage and rotation speed (all in per unit
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Figure 4. Induction motor load model structure.

value) [1, 8, 9]. The variables are defined as: v,, vy and vy,
are stator voltage transformed in dq0 domain, v, v4 and vy,
are rotor voltage transformed in dq0 domain, w is angular
speed of reference frame, w, is rotating angular speed of the
motor, 7, and r,. are stator and rotor resistances, X;, and X,
are stator and rotor leakage reactance, X;; and X,, are stator
and rotor reactance, X, is magnetizing reactance, p is pole
pair number, 4,5 and 44, are g and d axis flux for stator, i4
and iy are currents on ¢ and d axis for the stator, H is
inertia constant of motor.

The parameters used in this model are corresponding to a
very large squirrel cage induction motor (per unit values):
ry = 0.0197, r, = 0.0184, X;, = 0.2848, X}, = 0.3267, X, =
10.3153, p=3, H=10.1316.

Equation (1) contains derivative variables and thus
requires using a numerical method during each iteration
cycle for system stability and accuracy. Thus equation (1)
could be concluded in the form of numerical iteration form
shown below in (4)

43_ 43 “4)
& y=A-y+b

. - . . . . . . a7
with vector y to be solved: ¥ =1[i,, i, i, i, i, i,] .

Matrices A and b could be deduced from (1), and not
repeated here. The numerical method applied is explicit
Runge-Kutta 4th order:
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Every iteration is accomplished within a switching
cycle using TI DSP TMS320F28335, with calculation
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Figure 5. Motor model outputs with ideal voltage and frequency inputs
(a) electromechanical torque,
(b) start-up currents in dq domain.
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procedure shown as (5) — (6).

By calculating the motor model with stable voltage
inputs and frequency, the waveforms of three phase currents
output and mechanical torque and speed outputs with free
start-up acceleration could be shown in Fig. 5.

With ideal voltage and frequency inputs, the induction
motor model starts up with smooth fluctuation transients.
The starting up current for an induction motor in dq domain
could be as high as 2-3 times that of normal rated current.
The starting up time takes around 5.5 s under this case.

IV. EXPERIMENTAL RESULTS

The experiment was implemented using the converter
configuration shown in Fig. 6. The test setup is using two
paralleled converters: the above one is controlled as an
inverter to regulate the three phase voltage V. [10]. Voltage
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Figure 6. Converter parallel testing configuration.
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Figure 7. Inverter output three phase voltage
(a) in dq domain (in Park's transformation);
(b) in abc domain.

references are: V; 100 V and ¥, 0 V. Output inductor filter
L; is 0.5 mH. The bottom converter input three phase
currents /. are controlled to track the references from motor
model implanted in the controller, current base references
(before starting of motor model) are: /; 10 A and /, 5 A. The
output inductor filter L,is 1 mH.

The experiment starting up procedure is: (1) starting up
both converters running in parallel; (2) giving motor
emulator constant current reference bases first to enable the
configuration running; (3) then after giving a trigger signal,
the induction motor begins free acceleration starting up
process; in the meantime, the converter is controlled by a
classical PI controller programmed inside the DSP to track
the current references calculated.

The circulating current within a switching cycle between
paralleled converters was suppressed by synchronization of
the carrier waveforms using CAN bus communication in the
DSP.

The three-phase voltage outputs regulated by the inverter
are shown in Fig. 7. In the experiment, V. increases to 250
V and ¥, is regulated to 100 V while V, is 0 V (using Park's
dq0 transformation). Three phase voltage inputs to motor
emulator is shown in Fig. 7(b). The detailed control and
implementation for the voltage control design could be found
in [10].

After pushing the trigger button to enable induction
motor starting up, the motor model is then calculated during
each PWM period inside the DSP. The torque and rotating
speed performances of the motor model are shown in Fig.
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Figure 8. Induction motor model starting up transient
results record in DSP:
(a) mechanical torque; (b) mechanical rotating speed;
(c) starting up current in dq domain comparison between references
and real outputs (in converter dq0 transformation).

8(a) and (b) indicating the process of rotor model rotating
from zero speed to full speed. Current outputs from the
emulator and references in dq domain are also compared in
Fig. 8(c). The current references are obtained by adding base
current values with the starting up currents of the induction
motor model. One of the three phase current /, overall shape
is illustrated in Fig. 9 revealing the starting up current inrush
transient of induction motor.

As compared with motor model starting up with ideal
voltage and frequency inputs shown in Fig. 5, it is observed
that the transient is a little different in the time duration and



Current (A)

Current (A)

094 096 098 1 102 104 1.06
Time (s)

(b)
Figure 9. One of the three phase current outputs from induction motor
emulator converter in abc domain:
(a) overall motor starting up current for one phase;
(b) close-up for partial waveform at starting transient.

partial shape. This is because the voltage in the experiment is
controlled in the real-time situation, and there are voltage
and frequency fluctuations and minor variations causing the
transient to not be that 'smooth' as in the ideal case.

V. CONCLUSION

Power converter based induction motor emulator is
designed and verified in this paper. The dynamic three-phase
induction machine model was programmed using Runge-
Kutta numerical method in the DSP28335. The experiments
successfully demonstrated that the power converter emulator
could track and represent the induction motor with
appropriate design of control parameters.

This induction motor emulator can be used in the whole
hardware testbed system for various purposes of power
system scenario emulation.
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