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Abstract

Motor current measurement techniques as well as predictive control algorithms for electric drives rely
on an assumption of linear motor currents changes resulting from constant inverter output voltages.
Recent research has reported that this assumption does not hold in motors with short electrical time
constant, and in drives whose rotor position advances substantially during a control period. This paper
proposes a simulation model that reflects the non-linearity of currents waveforms. The hybrid model,
designed in Matlab/Simulink, consists of both continuous- and discrete-time subsystems. Operation of
the inverter can be reproduced in either a simplified manner - by reflecting only the fundamental
voltage component, or in detail — by modeling the pulse-width-modulated motor voltages. The
proposed model is validated with respect to reproducing the non-linearity of currents waveforms by
comparison with a laboratory high-speed PMSM drive.

Introduction

Contemporary electric drives are controlled by microprocessors. The digitally implemented control
algorithm computes motor terminal voltages, to be produced by the inverter based on pulse width
modulation (PWM) technique. Voltage modulation uses multiple transistors’ switching within each
control cycle, to match the reference voltage in terms of mean value. This switching produces
substantial ripple component superimposed on motor currents (Fig. 1). The ripples are inevitable, but
the control algorithm aims at regulating only the fundamental component of motor currents, which is
defined as a theoretical response to constant motor voltage over a control cycle, whose value equals to
the mean of modulated voltage (voltage fundamental component). Thus, the fundamental current
component should be extracted by specific measurement technique in order to provide stable and
accurate current control. A solution to this problem, named synchronous sampling, was reported by
Matsui et al. [1]. The authors stated that instantaneous motor current, when sampled in the middle or
at the border of PWM cycle, corresponds to its fundamental component and simultaneously to the
mean value over a PWM cycle. This has been proven for symmetrical PWM method by using the
assumption that motor currents change in a linear manner during stable inverter states. Superiority of
synchronous sampling over low-pass filtering of rippled currents has been demonstrated in [2].
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Fig. 1: Waveforms of motor current and voltage in selected phase of a PMSM drive

Whilst synchronous sampling appears to be a well-established approach, some recent papers aim at
improving current control dynamics by introducing extraordinary sampling approaches. Bocker and
Buchholz [3] have proved that sampling motor currents and updating the PWM generator multiple
times within a PWM cycle may significantly improve the control bandwidth. Moreover, increased
research focuses on predictive control where forecasting future behavior of the system is based on its
model and on a set of possible actuations [4]. Typically, the time horizon for the prediction covers a
few control cycles yet some papers have demonstrated that even predicting the current value for the
end of the present control cycle contributes to substantial improvement of control dynamics both in
PMSM [5] and dc drives [6].

The research reviewed above assumes linear changes of currents resulting from constant voltages at
motor terminals. In contrast, Wolf et al. [7] have quantified errors of synchronously sampled motor
currents, which result from non-linear current changes. The authors indicated that stator resistance
should not always be neglected in the motor model because motor electrical time constant may, in
some cases, be considerably close to the PWM cycle duration. This, in turn, results in exponential-
approximated changes of motor currents. Analytical analysis, as well as simulation and experimental
verification, have been carried out using 3-phase RL load that represents an electric motor.

The non-linear changes of motor phase currents have also been associated with progressive rotor
movement which takes place within steady supply voltage intervals [8]. This association gains
importance since in numerous applications the maximal speed of electric motors has been substantially
increased to improve their power-to-volume and power-to-weight ratios [9][10]. For instance, the
maximal speed of permanent motor synchronous motor (PMSM) drive in Toyota Prius reaches
13500 rpm; an induction motor in the electric Tesla S revolves up to 16000 rpm. A similar problem
appears in high power applications, where rotational speeds are not that high, but the control period,
related to the PWM frequency, is kept at a level of a few hundreds of hertz. Consequently, the rotor
position may advance up to 40° during a control period if voltage modulation is applied [11] or even
by 60° in case of six-step inverter control mode [12].

As the non-linear current changes influence drive’s control properties, they should be included in
current measurement and prediction techniques. However, a detailed mathematical description of
motor phase currents reflecting the non-linear changes is complex and involves continuous input
variables, which are not available in microprocessor implementation. Thus, practical approach to this
problem should be preceded with numerous model simplifications that will enable the digital
execution. Selection of these simplifications should be analyzed based on a reference model, which
precisely reflects the considered electro-mechanical dependencies. This paper proposes such a
reference model developed in Matlab/Simulink. The focus is pointed at the impact of rotor movement
on currents waveforms, but the model does not neglect the stator resistances, hence the non-linearity
related to short electrical time constant is also included.
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The modeled relation between rotor movement and currents waveform

The impact of motor speed on the curvature of motor phase currents is hereby explained on an
example of non-salient PMSM drive; however, in general this problem concerns also salient motors.
Principal relations between instantaneous motor voltages and currents in the stationary 3-phase
reference frame are described by the following equation [13]:

u, i, J L, M, M,]|i, 4 Y, cost
u, i, M, M, L. |i g cos(6+27/3)

where: a,b,c — indexes corresponding to motor phases; u, i — motor phase voltages and currents,
respectively; L, M — stator self- and mutual inductances, respectively; ¥ — permanent magnets’ flux
linkage; 6— rotor angular position.

The resistive voltage drop is typically negligible when compared to the other terms in the equation,
especially when considering high-speed operation. Using this assumption and applying vector
description, (1) can be rewritten in a simpler form:

_ 90
Ulk]=L P +E() (2)

According to (2), the motor current changes with a slope depending on constant inductance L and on
the difference between supplying voltage U[k] and the electromotive force E(¢). In quasi-steady state
operation, when torque and speed are both constant, the electromotive force vector has constant
modulus and its angle advances uniformly. The supply voltage vector is controlled to compensate for
the electromotive force and to sustain the rotating stator current vector I(¢). Nevertheless, the rotor
movement is continuous, thus the angle of electromotive force E(7) advances smoothly. In contrast, the
supplying voltage vector U[k] changes discretely. Depending on the kind of analysis, this vector can
represent either the fundamental (mean) value from the modulated voltage when focusing on the
fundamental current component or the instantaneous voltage during stable inverter state when
analyzing PWM transients. As a result of interaction between this continuous rotor movement and
discrete voltage changes, the angular displacement between the electromotive force vector E(¢) and
supplying voltage vector U[k] varies within the control period. This causes that the voltage drop
L(dI(¢)/dt) varies and — as the inductance L is constant — makes the slope of current I(f) change. The
mathematical description of this relation is more complex in salient PMSMs, where the inductances L
are a function of rotor positioné.

The proposed reference model

A hybrid simulation model, consisting of both continuous- and discrete-time subsystems, is proposed
to reflect the non-linearity of motor currents waveforms (Fig. 2). The PMSM subsystem is based on
the standard equations describing voltages in the d-g coordinate frame [14]. The subsystem is
supplemented with Park and Clark transformations in order to operate with phase-oriented inputs and
outputs [15]. The above-described part is modeled in continuous-time to reflect the progressive rotor
movement.

The other part of the model, corresponding to the controller and inverter, is modeled in discrete time.
A 10-kHz triggering clock provides the discrete subsystems with a square-wave signal whose edges
correspond to distinctive control events. The rising edge corresponds to the midpoint of PWM cycle
and it triggers the control algorithm computations. Thus, the feedback signals are sampled in the
midpoint of PWM and the control algorithm computes the reference voltages based on these samples.
The falling edges of the square-wave signal mark the margins of PWM cycles, and they are used to
produce the waveforms of inverter output voltages. Operation of the PWM generator and the inverter
can be modeled in two variants. The first operating mode reflects only the fundamental voltage and
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current components, marked with dashed line in Fig. 1. In this case, the voltages at motor terminals are
constant during the control period and equal to the mean of actual modulated voltages. The second
operating mode reflects PWM, though the inverter transistors are modeled to have ideal static and
dynamic characteristics. Thus, neither current switching disturbances nor voltage drops on power
electronic devices are included. The ‘Inverter modeling mode’ block forwards the clocking signal to a
particular voltage computation path, depending on ‘Inverter mode’ value: 0 — fundamental component;
1 -PWM.

The ‘Fundamental component modeling’ block includes only the inverse Clarke transformation. As it
is executed at the margin of control periods, and its output value is held until between executions. This
way the fundamental phase voltage components are produced to feed the motor.

The ‘SVM switched-on times computation’ block determines the conduction times of the upper
transistors in each inverter leg according to [16]. This computation is performed at the beginning of
each PWM cycle. Next, the computed times are passed to ‘PWM modeling’ block (Fig. 3), which uses
them to set three comparators. The operation of this block is similar to actual microprocessor, which
applies an up-down counter running at a PWM frequency and three comparators to determine the
switching instants in particular inverter legs. Depending on the results of the three comparisons, the
motor phase voltages are determined with respect to the assumed dc-link voltage.
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Fig. 2: General structure of the reference model
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Fig. 3: PWM modeling approach
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Validation

Validation of the reference model aims at verifying if it properly reflects the impact of progressive
rotor movement on motor phase currents waveforms. For this purpose, the model was parametrized
according to a high-speed laboratory drive, which allowed for comparison between simulation and
experimental outcomes. Parameters of the laboratory drive are given in Table 1. The drive favors the
non-linear current changes related to the progressive rotor movement. For operation at the rated speed
O, the change in rotor position during the PWM cycle reaches A@= @./f = 0.44 rad, i.e. 25°.

Table I: Parameters of the laboratory PMSM drive

Parameter Value
PWM frequency f 5 kHz
Rated speed (electrical) @, 2200 rad/s
Rated (r.m.s.) phase current /, 10 A
Stator resistance Ry 0.1Q
Stator inductance L, 1.0 mH
Flux linkage due to the rotor magnets 75 mWb
Inverter input voltage Upc 300 V
Moment of inertia J 0.2 kg'm?

The comparison between simulation and experiment is based on a non-linearity measure Ai,; computed
for the midpoint of each PWM cycle. The actual value of motor phase current is sampled at the
midpoint of PWM cycle and compared with a theoretical value relying on a linear current changes
assumption, i.e. with the average of instantaneous currents at the beginning and at the end of the cycle:

Aiyy =(img +ipr )/ 2=irer ) 3)

As the rotor movement affects all the phase currents in a similar manner, the validation focuses on the
A-phase, thus only Ai,.; measure is analyzed. The validation scenario consists of accelerating from
standstill to the rated speed. The drive is forced to operate with maximal torque, hence the r.m.s.
values of quasi-sine shaped phase currents are kept at the rated value of 10 A. The results were
recorded for the reference model running both in fundamental component and PWM mode (Fig. 4 and
Fig. 5, respectively), and for the laboratory drive (Fig. 6). The upper parts (‘a’) of the figures cover
whole duration of the test, while the lower parts (‘b’) consist of a zoomed part corresponding to
operating at rated speed.

The simulation outcomes show that the non-linearity measure changes in a quasi-sine manner and its
amplitude is related to the rotor angular speed. At the maximal speed of 2200 rad/s, the amplitude of
the non-linearity measure reaches 1.8 A. The outcomes of both variants of simulation are identical.
The experimental results, shown in Fig. 6, were recorded using the microprocessor-based controller.
Due to limitation of the communication interface between the drive controller and the host computer
the waveforms are composed from points recorded with a frequency of 2.5 kHz. The non-linearity
measure appears to have higher peak values than in simulation, reaching 3.4 A; nevertheless, it is
assumed to origin from measurement disturbances. As operating at high speed requires maintaining
inverter output voltage near its limit, the passive inverter states are narrow [17]. Consequently, the
current sampling, which takes place in the middle of the passive states, is carried out shortly after
transistors’ switching when the current disturbances are distinctive. Nevertheless, despite the
disturbances, the phase co-relation between the non-linearity measure and the phase current
waveforms, as well as the relation between the non-linearity error amplitude and the speed are
consistent with the previously discussed simulation outcomes.

In order to diminish the impact of noise included in the experimental results and to compare the non-
linearity measure at different speeds, the test results were postprocessed. Fast Fourier Transform was
used to compute the amplitude Al,.; of fundamental-frequency component of the non-linearity
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measure. This amplitude was next divided by phase current amplitude /, to obtain a relative value. The
above-explained computations were carried out for different time intervals of the drive acceleration
process, which allowed for presenting the relative non-linearity measure Al,../Al, as a function of
rotor speed @ (Fig. 7). Identical graphs were obtained for simulations reflecting fundamental
component and PWM. The trend of experimental results confirms the correctness of the simulation.
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Conclusion

The proposed reference model enables analyzing motor currents waveforms including the non-
linearity related to rotor progressive motion. The model does not reflect current disturbances
associated to parasitic capacities, which cause the differences between simulation and experimental
outcomes. Nevertheless, such level of details would make the model specific for a particular
application. The proposed reference model represents general features, which is desirable when using
it for developing universal current measurement algorithms.

The discrete operation of the controller and inverter was modeled by the use of triggered subsystems.
Such approach is very transparent and fast executed. Moreover, it does not require using any specific
toolboxes.

As the outcomes obtained using both variants of simulation are the same, it is concluded that the
considered phenomena can be well represented in the fundamental components approach. Future work
is aimed at developing a simplified mathematical model that will be able to reproduce the current non-
linear changes based solely on input variables that are measurable by a typical microprocessor-based
drive controller. This, in turn, will allow for proposing improved current measurement and prediction
algorithms dedicated for high-speed drives.
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