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Abstract— In the last decade, significant progress has been 
made in electrification, especially in the applications of electrical 
vehicles, renewable energies, and industry automations, which 
imposed much more complicated working conditions to electric 
machines as well as the drive converters. More advanced features, 
such as the control strategies, functionality, stability, and 
reliability of machine drive systems, need to be characterized and 
validated. Thus, there is an emerging need to accurately recreate 
the behaviors of electric machine drive systems from more aspects 
for comprehensive tests. This article aims to foster and investigate 
the mission profile emulation technologies for the testing of 
electric machine drive systems. The key factors of the system to 
be emulated are firstly clarified, and then different testing 
concepts are summarized and compared, including 
Dynamometer test, Controller hardware-in-the-loop simulation, 
Power hardware-in-the-loop simulation, and Power-electronics-
based emulation. The features of Power-electronics-based 
emulation, which is considered as a promising trend, will be 
further discussed with respect to the degrees of coupling with the 
drive converter, electric machine models, and control structures. 
Finally, challenges in the field of mission profile emulation for 
electric machine drive systems are discussed.  
 

Index Terms—Electric machine emulation, drive system 
characteristics, drive converter, harmonic, testing. 

 

I. INTRODUCTION 
LECTRIC machines, such as permanent magnet 
synchronous machines (PMSMs), induction machines 

(IMs), and switched reluctance motors (SRMs), are gaining 
popularity in industrial production [1], [2], electrified 
transportation [3]-[6], and renewable energy generation [7]. A 
typical three-phase electric machine drive system is shown in 
Fig. 1. The electric machine is fed by a power electronic 
converter. On the other side, the electric machine is coupled 
with a mechanical load via a shaft. The electric machine is 
regulated by the power electronic converter in various ways, 
such as Field-Oriented Control (FOC) [8], [9], Direct Torque 
Control (DTC) [10], [11], and Variable-Voltage and Variable-
Frequency (VVVF) [12], etc.  

Nowadays, the mission profiles of electric machine drive 
systems, such as rotational speed changes and load torque, are 
getting complicated with the advancement of electric machine 
and converter technologies [13], [14]. Consequently, it is 
becoming an emerging need to characterize or validate more 
advanced features of the machine drive system, such as the 
control strategies, functionality, stability, and reliability [15]. 
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Fig. 1. Typical electric machine drive system. Enc: Encoder. Res: Resolver. 

A significant amount of efforts has been made on the testing 
methods of electric machine drive systems [16]-[25]. A typical 
approach involves a mechanical load emulator, which is 
composed of an extra motor and its drive system to establish 
the required mechanical loads for the electric machine under 
test [16]-[18]. This typical method is known as dynamometer 
(Dyno) test, which can be traced back to the 1900s [26]. The 
Dyno test system can provide a complete drive train and steady 
state operating conditions both for the electric machine and for 
the drive converter. However, the mechanical load emulator is 
bulky and expensive. Some complicated dynamical behaviors, 
which are more often seen in real-field applications, are 
difficult to be generated because of the mismatched inertia and 
restrained control bandwidth of the mechanical loading system. 

Due to these defects, virtualizing tests have become popular 
solutions to reduce the testing cost and enhance the testing 
bandwidth. These testing approaches are known as Hardware-
In-the-Loop Simulations (HILS), which can be traced back to 
the 1980s [27]. In a typical HILS, the physical elements, which 
are not focused as testing targets, are programmed as network 
models to be real-time calculated by digital processors or 
simulators. Thus, the prototyping efforts can be efficiently 
simplified [20]-[23]. 

The HILS can be further divided into Controller Hardware-
In-the-Loop Simulations (CHILS) and Power Hardware-In-
the-Loop Simulations (PHILS) depending on whether the 
power stage is included or not. For CHILS, the mechanical 
loads, electric machines and drive converters are normally 
programmed as software models to be simulated. The signals 
are interconnected with the physical controller of the machine 
drive system. This method is very suitable for the validation of 
controller and algorithms, but the characteristics related to the 
power stage cannot be reflected. Different from CHILS, the 
PHILS includes a power stage with more realistic factors. The 
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mechanical loads and electric machines are programmed as 
software models. The electrical signals generated by the real-
time simulator are recreated as actual power by using a power 
amplifier to interact with the drive converter. This method is 
very suitable for the validation of converter design. However, 
the stability issues of the testing system and high cost for the 
real-time simulator and power amplifier may prevent PHILS 
from being widely used [24]. 

Recently, another group of testing methods named power-
electronics-based emulation (PEBE), which were originally 
known as virtual machines [25], are becoming popular [28]. In 
this approach, only the terminal characteristics of the voltage 
and current seen by the drive converter under test (CUT) are 
focused. An emulating converter is flexibly controlled, and it 
can recreate the terminal characteristics of electric machine 
with corresponding behaviors of mechanical loads. Different 
from PHILS, the PEBE gets rid of the expensive real-time 
simulator. The models of electric machines and mechanical 
loads are implemented in the digital controller of the emulating 
converter. 

The above-mentioned testing methods have quite different 
characteristics as well as suitable testing scenarios. However, 
the benchmark of different approaches and enabling 
technologies in this field, are still unclear. 

This article aims to give a comprehensive review on the 
mission profile emulation technologies for electric machine 
drive systems. The key factors of machine drive systems to be 
emulated are firstly clarified, and then different testing 
concepts are summarized and compared. The features of PEBE, 
which is considered as a promising trend, are discussed, as well 
as challenges in the field of mission profile emulation for 
electric machine drive systems. 

The rest of this article is organized as follows. Section II 
classifies the factors of the electric machine drive systems to 
be emulated. Different concepts for the electric machine 
emulation are summarized and compared in Section III, 
including Concept I: Dynamometer (Dyno) test, Concept II: 
Controller Hardware-In-the-Loop Simulation (CHILS), 
Concept III: Power Hardware-In-the-Loop Simulation 
(PHILS), and Concept IV: Power-Electronics-Based 
Emulation (PEBE). Section IV focuses on the features of the 

PEBE with various configurations. Challenges and existing 
solutions for PEBE are presented in Section V. The final 
conclusions are drawn in Section VI. 
 

II. TYPICAL FACTORS OF MISSION PROFILES TO BE 
EMULATED IN ELECTRIC MACHINE DRIVE SYSTEM 

Under different mission profiles, the electric machine will 
withstand different stresses, which thereby affects the lifetime 
of the electric machine drive system [29] as it is shown in Fig. 
2. These typical factors of mission profiles to be emulated will 
be discussed as follows. 

A. Mechanical Behaviors 
Mechanical behaviors include the inertia and vibrations [30]-

[33]. The inertia prevents the rotational speed from changing 
rapidly, and vibrations will cause oscillations in the torque. 
Basically, mechanical behaviors are much slower than 
electrical ones due to the mechanical inertia, which may be 
variable because of the various working conditions. The 
control performance of the complete drive system is mostly 
determined by the mechanical behaviors [34], and the control 
quality can be diminished by them [35], [36]. Thus, it is 
important to model these mechanical behaviors and accurately 
reflect the relationship between mechanical and electrical 
characteristics. 

B. Control Strategies and Transients 
Control strategies and transients are closely related to the 

fundamental components of the voltage/current. Basically, the 
electric machine is regulated by controlling the torque and the 
rotational speed through the current [8]-[12]. During the 
regulation, the amplitude and frequency of the fundamental 
component change with the torque and the speed of revolution. 
The fundamental component accounts for the most of the 
voltage/current, and has great impacts on the durability of 
power electronic converters. Besides, transients will be 
induced due to changes of mission profiles [37], which 
challenge the stability and performance of the drive system. In 
short, the fundamental frequency (f1) is variable, ranging from 
tens of Hertz to a few kilo Hertz, and the transients will induce 
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Fig. 2 Stresses imposed to the drive converter under different mission profiles. 



high frequency oscillations. Thus, high-bandwidth emulation 
is required. Otherwise, the waveforms will be distorted, 
leading to unreliable testing results. 

C. Electromagnetic Properties 
Apart from the fundamental component, harmonics will be 

excited due to the non-ideal characteristics of the electric 
machine, such as air-gap magnetic field distortion and uneven 
distribution of magnetic resistance, etc. These undesired 
characteristics will cause torque ripple and flux distortion, 
which will have impacts on the stability and performance of 
the drive system. Together with the fundamental component, 
these harmonics have impacts on the thermal behaviors of the 
drive system, which are related to the reliability of the power 
electronic converters. Typically, harmonics related to non-
ideal factors are of 6k±1 (k is a positive integer) times of f1 
harmonics in static three phase coordinate [38], [39]. Among 
them, the 5th and 7th harmonics are dominant [38], which 
require high-bandwidth and corresponding control algorithms 
in the emulation system. 

D. Abnormal Conditions 
Abnormal conditions will appear in voltage and current 

when faults occur. Typically, the major faults of electric 
machines can be classified as electrical faults [40], [41] and 
mechanical faults [33]. Both types of faults will induce 
irregular voltages and currents [42]. When faults occur, the 
electric machine will be subjected to transients and harmonics, 
and so will the drive system. Typically, low order harmonics 
of voltage/current are the dominant [40]. These harmonics 
under faults will have a high amplitude, and will pose great 
challenges to the reliability of power electronic converters and 
the performance of drive systems. They may threaten the safety 
of operators. To reproduce these abnormal behaviors under 
safe conditions, the reliability and tolerance of the test bench 
are of vital significance. 

E. Environmental Conditions 
With more and more electric machines being applied, 

especially in electric vehicles and aerospace, the working 
conditions are getting complicated. The environmental factors 
affecting the reliability and performance of drive systems are 
mainly temperature and humidity [13], [14]. In the past, they 
changed with the climate, so the dynamics of their effects were 
very slow. Nowadays, the bandwidths of temperature and 
humidity have greatly increased due to the applications in 
high-speed rail and aerospace, which have a more significant 
impact. Thus, it is significant to create these multi-field 
coupling environmental conditions when testing the reliability 
of the electric machine drive system. 

 

III. CONCEPTS OF MISSION PROFILE EMULATION FOR 
ELECTRIC MACHINE DRIVE SYSTEM 

As it is shown in Fig. 1, a typical electric machine drive 
system includes drive control, drive converter, electric 
machine, mechanical load, and power supply. The emulation 

methods are classified into four concepts. 
Concept I is known as the dynamometer (Dyno) test and it 

is shown in Fig. 3(a). In this concept, an extra electric machine, 
as well as its drive system is used to emulate the characteristics 
of different loads. Thus, the electric machine drive system can 
be tested under different load conditions [16]-[18], [43]. In this 
case, the load machine is coupled to the electric machine under 
test via a shaft coupler. The desired load torque is achieved by 
controlling the torque and speed of the load machine. 

Concept II is known as Controller Hardware-In-the-Loop 
Simulation (CHILS) shown in Fig. 3(b). The drive control 
algorithm is programmed on the drive controller, while other 
parts are programmed as network models on a real-time 
simulator. The controller under test and the real-time simulator 
are connected via signal interfaces, such as analog-to-digital 
converters (ADC) and digital-to-analog converters (DAC). 
Because of the flexible model implemented on the real-time 
simulator, various mission profiles can be recreated in this 
concept. However, complicated non-ideal factors related to 
power stage are not included in this concept. 

Concept III is known as Power Hardware-In-the-Loop 
Simulation (PHILS) shown in Fig. 3(c). In PHILS, a power 
amplifier is connected to the drive converter, whose behaviors 
are sampled by current/voltage sensors and fed back to the real-
time simulator. Then, voltage/current references are generated 
by the real-time simulator, and transmitted to the controller of 
the power amplifier. The types of reference signals generated 
by the real-time simulator and the types of signals sampled by 
sensors are determined by the interface algorithm. For the 
voltage-type algorithm, the real-time simulators generate 
voltage-type references for power amplifier, and current 
sensors are used to capture current signals. While for the 
current-type algorithm, the real-time simulators generate 
current-type references, and voltage sensors are needed. 

The electric machine emulation based on Concept IV is 
named as power-electronics-based emulation (PEBE). As it is 
shown in Fig. 3(d), a power electronic converter is flexibly 
controlled to emulate the behaviors of the desired source or 
load. Thus, the mechanical parts are substituted by the 
emulating converter and its control system. Different from 
PHILS, the model of target electric machine is implemented 
on the digital controller of the emulating converter, thus 
avoiding some extra delays in the signal transmissions. The 
terminal electric characteristics faced by the drive system are 
the main focus in this concept. These terminal characteristics 
are recreated by the emulating converter with corresponding 
control algorithms implemented in the digital controller of the 
emulating converter. 

The major differences among the four concepts are located 
in the bandwidth of reflected characteristics, stability, power 
level, testing efficiency, cost, and suitable testing scenarios. 

A. Bandwidth of Reflected Characteristics 
The bandwidth of reflected characteristics in Concept I is 

relatively low because of the mechanical inertia. In this 
concept, the load machine is usually an induction motor, and 
the inertia is greater than 10-4 kg∙m2 [34], [35], [36], [44] 



depending on the power level. So, Concept I is unable to 
present the characteristics of fast dynamics, such as transients 
and abnormal conditions. 

The bandwidth of the reflected characteristics in Concept II 
is restrained by the time step of real-time simulators and the 
time step of signal interface modules. The time step of real-
time simulators is usually around dozens of µs [45] or a dozen 
of ns [46], which is similar for signal interface modules. To 
achieve higher bandwidth of CHILS, signal interface modules 
with shorter time step are usually adopted. The time step of 
real-time simulators is normally set to be small. Meanwhile, 
the model of the system is programmed as network models 
using parallel processors to achieve shorter time step [23]. In 
this concept, characteristics related to the electric machine, 
control strategies and abnormal conditions can be emulated on 
the real-time simulator. 

In Concept III, the bandwidth of the reflected electric 
machine characteristics is mainly limited by the bandwidth of 
the power amplifier. This is because the control period of 
power amplifiers is much larger than the time step of real-time 
simulators. For PHILS, there are mainly two types of power 
amplifiers reported in the electric machine emulation: the 
linear type power amplifier (LPA) and the switched mode 
power amplifier (SMPA). LPAs work in amplified mode, and 
can amplify the input signals with a little distortion. The 
bandwidth of LPAs can reach up to 50 kHz [47]. SMPAs work 
in switched mode. The widely used two-level converter is 
commonly adopted due to space and cost. The bandwidth of 
this topology is usually between hundreds of Hertz and several 
kilo Hertz [48]-[52]. For Concept III, the characteristics related 
to the electric machine, control strategies and abnormal 
conditions can be emulated. 

The bandwidth of reflected characteristics in Concept IV is 
determined by the control period of the emulating converter. 
Thus, the bandwidth of Concept IV is close to that of PHILS 
adopting SMPAs. 

B. Stability and Robustness to Faulted CUT 
The stability and robustness of the electric machine 

emulation is vital, especially when high power stage or even 
mechanical structures are involved. 

Concept I is actually an electric machine loaded with a 
programmable load. Thus, the stability of this system depends 
on the stability of the components and controls for both the 
electric machine under test and the load machine. The load 
machine should be coupled to the electric machine tightly to 
avoid load dump. The inertia of the load machine should match 
with the inertia of the electric machine to avoid the possible 
mechanical instability in dynamics [34]. Besides, protections 
must be triggered in case of faulted converter under test or 
erroneous control signals. Otherwise, the electric machine may 
be damaged, and the safety of the operators may be threatened. 

The additional delays introduced in Concept II may cause 
different stability issues [53]. There are three possible delays 
in Concept II, i.e., the input transmission delay between real-
time simulators and drive controllers, the computational delay 
of the real-time simulators, and the output transmission delay 
between drive controllers and real-time simulators. The 
computational delay is the inherent latency of real-time 
simulators, and the input transmission delay and output 
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Fig. 3. Four different concepts for testing of electric machine drive 
systems. (a) Concept I: Dyno test. (b) Concept II: CHILS. (c) Concept III: 

PHILS. (d) Concept IV: PEBE. RTS: real-time simulator. Gen.: 
Generation. Samp.: Sampling. DAC: digital-to-analog converters. ADC: 

analog-to-digital converters. PA: power amplifier. 



transmission delay may cause oscillations in the waveforms 
[53]. As to the failure of converter under test, the simulator is 
hard to be damaged by faulted signals, can continue to operate 
as well as the failure model is available. 

In Concept III, there are four possible types of delay, i.e., the 
input transmission delay between real-time simulators and 
sensors, the output transmission delay between real-time 
simulators and power amplifiers, the computational delay 
caused by digital controllers, and the modulation delay caused 
by PWM modulation if a SMPA is employed. These extra 
delays will change the equivalent impedance of the emulated 
machine. Thus, the stability of the system will be affected. The 
current or the voltage will oscillate due to the instability [54], 
which threatens the safety of experimenters and facilities and 
leads to unreliable results. [54] points out that even for the 
same PHILS system, the total delays may be variable. Thus, 
the system may switch between stable and unstable conditions. 
Besides, protections should be triggered under certain 
circumstances, such as overcurrent induced by faulted 
converter under test, and LPAs are easier to be damaged by 
overheating than SMPAS. 

In Concept IV, PEBE, fewer delays are introduced because 
the characteristics are implemented in the converter controller. 
The electric machine is modeled as an individual model, which 
is different from the network model in HILS. Besides, due to 
the control process of the digital processor, the total time delay 
of the system is fixed [55]. So, the stability of Concept IV is 
better than that of Concept III. 

For Concept III and Concept IV, the dynamics of power 
amplifiers and emulating converters will also affect the 
stability. Various factors, such as modulation delays, passive 
filters and dead time, make the dynamic characteristics of 
power amplifiers non-ideal. These coupled dynamics and 
interactions may induce instability. [57] illustrates the details 
about modeling and stability analysis of coupled converters. 
[58] gives a detailed investigation into the modeling and 
stability analysis of two converters coupled by different filters. 

C. Power Level, Testing Efficiency, and Cost 
The power level, test efficiency, and total cost of the test 

bench of different concepts are important factors affecting 
their suitability. 

The power level of Concept I is determined by the electric 
machine under test, which ranges from several Watts to Mega 
Watts [59], [60]. In Concept II, there are only signals 
transmitted between the drive controller and the real-time 
simulator. So, Concept II is the signal-level simulation. The 
power level of Concept III depends on the types of power 
amplifiers. For PHILS adopting LPAs, the power level is 
relatively lower than that of PHILS adopting SMPAs because 
LPAs work in amplifying-mode, leading to higher voltage drop 
and higher power loss [47]. For PHILS adopting SMPAs and 
Concept IV, the power level depends on the topologies and the 
devices used. Typically, a two-level converter is adopted due 
to its simplicity. PHILS adopting SMPAs and Concept IV can 
adopt multilevel converters, such as modular multilevel 
converters (MMCs), to achieve higher power level [59]. 

Generally, the power level of SMPAs can be much higher than 
that of LPAs. 

The test efficiency of Concept I is determined by the energy 
consumed by the electric machine and the load machine. The 
consumed energy is converted into kinetic energy and heat. For 
Concept II, the consumed energy is used to power the drive 
controller and the real-time simulator, which is much lower 
than the energy consumed in other concepts. For Concept III 
and Concept IV, the testing efficiency of LPAs is much lower 
than that of SMPAs on the similar power level because of the 
different working modes [61]. Compared with Concept I, the 
energy consumed in Concept III adopting SMPAs and Concept 
IV can be much lower on the similar emulation capability. The 
energy consumed in these two concepts can be the total power 
loss of SMPAs and the drive converters. Without the real-time 
simulator, the test efficiency of Concept IV is slightly higher 
than that of Concept III adopting SMPAs. 

The cost of Concept I is very expensive because of the actual 
electric machine and load machine. These physical facilities 
are more expensive than power amplifiers and converters in 
Concept III and Concept IV. In Concept II, the real-time 
simulator costs more than other facilities, but the lack of power 
amplifiers make Concept II cheaper than Concept III. The cost 
of Concept III is much higher than the cost of Concept IV 
because of the presence of the real-time simulator. PHILS 
adopting LPAs is usually more expensive than PHILS 
adopting SMPAs at the similar capability. The total cost of 
Concept IV is the lowest among these four concepts because 
of the absence of real-time simulators and actual machines. 

D. Suitable Testing Scenarios 
With extra facilities, all the four concepts can emulate the 

desired environmental conditions and validate the reliability 
concerning temperature and humidity. The differences of 
suitable testing scenarios mainly lie on other factors. 

With actual facilities, Concept I can emulate the mechanical 
behaviors, control strategies, and non-ideal electromagnetic 
properties, but this type of emulation is not flexible. It is very 
difficult to test the drive system under faulted conditions and 
overload conditions, which may threaten the safety of 
experimenters and damage the electric machines. Due to the 
low bandwidth limited by the mechanical inertia, Dyno test is 
mostly performed under steady state or low dynamic process. 
Durability of the drive converter and the electric machine can 
be validated in this concept. 

In Concept II, the control algorithm can be tested when it is 
programmed on the controller. Due to the flexibility of real-
time simulators, various functions and control strategies can be 
validated under almost all the mission profiles. However, the 
lack of high-power stage limits the scope of this concept, e.g., 
durability validation of the drive converter. 

Concept III can be performed at real power level. Nonideal 
characteristics related to the power stage and the power 
electronic converter are included. Thus, a realistic testing 
environment can be created. Due to the flexibility of the real-
time simulator, Concept III can almost emulate all the possible 
characteristics. Experiments and tests involving risks or hard 



to be performed in actual drive systems can be easily 
implemented in PHILS [19]. However, the unfixed system 
delay may make the system switch between stable and unstable 
conditions [54]. It is difficult to reproduce abnormal conditions 
of high bandwidth in this concept. So, Concept III can validate 
the performance and stability of the drive converter and control 
strategies. 

Fewer types of extra delays and flexible control of emulating 
converters make Concept IV a suitable approach to test the 
electric machine drive systems within wider frequency ranges. 
The Concept IV provides the realistic environments for the 
drive system with fewer stability issues and higher bandwidth. 
Concept IV can present almost all the characteristics with 
minimal risk. So, Concept IV can be adopted to validate the 
performance, stability, and reliability of the drive converter 
and control strategies even under abnormal conditions. 

E. Benchmark of Concepts 
First, an ideal mission profile emulation system needs to 

accurately recreate the key factors of the electric machine, so 

the drive converter can be tested close to actual conditions. 
Second, complicated mission profiles must be reproduced 
safely and stably to protect the operators. Then, the emulation 
system should be flexible and free to program, thus different 
mission profiles can be recreated for different testing targets. 
Finally, the testing system should be efficient and cost-
effective. A comparison is presented in Table I to summarize 
the characteristics of these concepts, and to distinguish the 
most promising one. 

Concept I can reflect the mechanical and control 
characteristics of the emulated machine because a real electric 
machine is used in the testing system. However, the low 
dynamics and high mechanical inertia prevents Concept I from 
the testing of high dynamics. Besides, the two physical 
machines make the whole system bulky, expensive, and the 
least robust. 

Concept II involves no power facility, so non-ideal factors 
related to high power stage will not be considered, leading to 
robust testing system but unconvincing testing results. 
However, for the testing and improvement of control algorithm, 

Table I. Benchmark of different drive testing concepts 
Concept 

 
 
 

Characteristics 

I: Dyno test II: CHILS III: PHILS 
adopting LPA 

III: PHILS 
adopting SMPA IV: PEBE 

Band
width 

Limits 
Mechanical inertia 
of the machine and 

load. 

Discrete time of 
real-time simulators, 
time step of signal 
interface modules. 

Bandwidth of power 
amplifier. 

Bandwidth of power 
amplifier. 

Bandwidth of 
emulating converter. 

Ranking Lowest Highest Higher High High 

Typical 
number 

A few hundred Hz 
[16], [17] 

Hundred kHz to 
several MHz [41], 

[53] 
50kHz (LPA) [47] up to several kHz 

(SMPA) [48] –[52] 5kHz [62] 

Stability issues 

Mechanical system 
stability, inertia 

mismatch, torque 
mismatch 

Control strategies, 
stability of the real-

time simulator. 

Interface algorithm, 
dynamic 

characteristics of 
power amplifier, 

stability of coupling 
elements 

Interface algorithm, 
dynamic 

characteristics of 
power amplifier, 

stability of coupling 
elements 

Dynamic 
characteristics of 

emulating converter, 
stability of coupling 

elements 

Types of extra 
delays No 

Computational 
delay, transmission 

delay. 
Unfixed 

Computational 
delay, transmission 

delay. 
Unfixed. 

Computational 
delay, transmission 
delay, modulation 

delay. 
Unfixed. 

Modulation delay, 
computational delay. 

Fixed 

Robustness to 
faulted CUT Lowest Highest High Higher Higher 

Power level High Signal level Low High High 
Test efficiency Lowest Highest Low High Higher 
Test bench cost Highest High Higher Higher Lowest 
Suitable testing 

scenarios 
Steady state test or 
low dynamic test 

Validations of 
control strategies. Low-capacity test  High-capacity test High-capacity and 

high-dynamic test 

Testing targets 

Durability of the 
machine drive, 

Durability of the 
electric machine, 

functions of control 
strategies. 

Functions of control 
strategies. 

Performance and 
stability of the 
machine drive, 

performance and 
stability of control 

strategies. 

Performance and 
stability of the 
machine drive, 

performance and 
stability of control 

strategies. 

Performance, 
stability, and 

reliability of the 
machine drive, 
Performance, 
stability, and 

reliability of control 
strategies. 

 



Concept II has a great advantage. 
Concept III raises the power level to the actual level with the 

power amplifier, which introduces the non-ideal factors, e.g., 
sampling noises. However, the extra delays and high cost of 
the real-time simulator prevent Concept III from being widely 
used. Besides, Concept III adopting LPAs is less robust than 
Concept III adopting SMPAs. 

Concept IV shares the strengths of Concept III, and it has a 
fixed delay, which means that stability issues are easier to be 
dealt with. Meanwhile, the robustness of Concept IV is similar 
to that of Concept III adopting SMPAS. Without the real-time 
simulator, Concept IV can be achieved at a very low cost. So, 
Concept IV is the most promising testing method of the electric 
machine drive system and the next chapters will focus on the 
features of Concept IV. 

IV. FEATURES OF POWER-ELECTRONICS-BASED EMULATION 
(CONCEPT IV) 

The PEBE can be realized in different ways in order to 
achieve desired results according to the testing scenarios. The 
differences between these methods include coupling with 
converter under test, types of machine models implemented in 
converter controllers, and control system. 

A. Coupling with Converter under Test 
As it is shown in Fig. 1, signals transmitted between the 

drive controller and the electric machine are electrical signals 

sampled by sensors and mechanical signals generated by 
encoder/resolver. According to the degrees of coupling 
between the electric machine drive and the machine emulator, 
the PEBE can be divided into two types: PEBE without signal 
transmission and PEBE with signal transmission. 

The PEBE without signal transmission is shown in Fig. 4(a). 
In essence, the PEBE without signal transmission has the same 
interfaces compared with the actual machine. The actual 
machine can be replaced by the emulator without any change 
on the drive system. In this case, the voltage/current is still 
sampled by sensors, but the signals related to the rotor speed 
are generated by encoder/resolver pulse generators. A low-
pass voltage filter is needed because the voltage produced by 
converter under test is in the form of irregular PWM 
waveforms, which will distort the frequency response of PEBE 
in high frequency band [56]. 

The PEBE with signal transmission is shown in Fig. 4(b). In 
this case, the signals can be directly transmitted between the 
drive controller and the emulating controller with extremely 
low delay. Besides, the low-pass voltage sampling is removed. 
Thus, more details are reserved, and the bandwidth of the entire 
system is enhanced [56]. This structure enables the tests at 
smaller timescales, and enhances the accuracy of tests without 
plug-and-play requirements. 

B. Electric Machine Model 
The electric machine model implemented in PEBE can be 

divided into current-response model and voltage-response 
model, based on the output of the machine model. For the 
current-response model, the voltage is needed to calculate the 
current reference. And for the voltage-response model, the 
value of current is needed. 

Up until now, there are two methods to extract the current-
response model of an electric machine. One is the simplified 
mathematical model. The undesired characteristics of a real 
machine are not concerned in the simplified model, such as 
saturation effects, slot harmonics, torque ripples, and so on. 
This model trades the accuracy for lower demand for 
computational resources. The simplified model is programmed 
in the emulating controller as math equations. Equations (1) to 
(3) are a simplified model of a PMSM in dq-frame [63]-[65]. 
Equation (1) represents the relationship between the terminal 
voltage and current of the stator. Equation (2) is the equation 
of torque, and (3) is the equation of motion. 
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where Rs, Ld, and Lq represent the equivalent resistance and 
inductance on the dq-axis respectively. ud, uq, id, and iq are the 
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Fig. 4. Power-electronics-based emulation with varying degrees of 
coupling. (a) PEBE without signal transmission. (b) PEBE with signal 

transmission. Enc.: Encoder. Res.: Resolver. P.G.: Pulse generator. 



terminal voltage and stator current on the dq-axis respectively. 
ψf is the flux linkage of the electric machine. ωm and ωe are the 
mechanical angular frequency and electromagnetic angular 
frequency of the electric machine respectively. Te, Tload, pn, F, 
and J are the electromagnetic torque, load torque, numbers of 
pole pairs, coefficient of viscous friction, and inertia of the 
electric machine respectively. 

The other one is the finite element method (FEM)-based 
model known as the detailed FEM model. The detailed FEM 
model can be obtained from FEM software or imported from 
machine design tools. Electric machine parametric variations 
are usually stored in look-up tables [41], [66]. With this 
detailed machine model, almost all the machine behaviors can 
be emulated accurately, but this type of model requires high 
computational resources. [67] introduces an approach to 
extract the non-ideal parameters of the electric machine, and 
these parameters are applied to the simplified mathematical 
model. This method can obtain much more accurate results 
than the simplified model with lower demand for 
computational capability. 

The voltage-response model is usually converted from the 
simplified mathematical model of current-response mode, 
which means the voltage-response model is not accurate but 
simple [68]. The calculated voltage reference can be the back 
electromotive force (EMF) of the machine or its terminal 
voltage as it is illustrated in Fig. 5. The emulation of the back 
EMF requires a coupling inductance at the value of the average 
inductance of the electric machine to precisely recreate the 
desired current. However, the average inductance of the 
electric machine is usually quite large, and it is not so practical. 
So, the emulation of the terminal voltage is usually adopted in 
PEBE [69]. 

vterminal vback EMFRU
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Fig. 5. Terminal voltage and back EMF for emulation of the electric machine 

These types of the machine model have their own 
application scenarios. The simplified mathematical model is 
sufficient for the durability test of the power electronic 
converter and other tests with lower requirement of the 
accuracy. The detailed FEM model is necessary when the tests 
involve the control strategies or the accuracy is important, such 
as physical-fault conditions. The voltage-response model has a 
lower emulation fidelity, but it is acceptable for durability test 
of the drive converter or high-speed machine emulation with 
the need of higher bandwidth. 

C. Control System 
The control system of PEBE can be divided into current 

control mode and voltage control mode according to the 

characteristics of controlled electric quantities. 
A current-response model is naturally adopted in current 

control mode, and closed-loop current control is usually used 
to ensure the emulation accuracy. The configuration of closed-
loop current control is shown in Fig. 6. The most used current 
controller is the proportional-integral (PI) controller. Using 
Park transformation, AC components in three-phase stationary 
frame can be transformed into DC components in the 
synchronous dq frame. Then, the reference current can be 
tracked without static error. However, the closed loop of 
current control behaves like a low-pass filter (LPF) in the 
frequency domain. In this case, the characteristics of current 
and voltage at high frequency will be distorted [68], [70]. 
Typically, the drive converter also works in current control 
mode. To avoid conflicts between these two current control 
loops, the bandwidth of the emulating current controller needs 
to be at least 5 times more than the bandwidth of the drive 
controller [71]. To regulate the harmonics as it is highlighted 
in Fig. 6, the proportional-resonant (PR) controllers can be 
adopted. Typically, the fundamental component is controlled 
by a PI controller while the harmonics are controlled by PR 
controllers. This control structure can be used to emulate the 
fault situation [40], [72] or to suppress the zero-sequence 
harmonics [59], [73]. 
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Fig. 6. Closed-loop current control. if
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Besides the closed-loop current control, the open-loop 
current control can also be adopted as shown in Fig. 7. In this 
case, the current reference is directly sent into the controller, 
and then is multiplied by the filter impedance. Thus, the 
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Fig. 7. Open-loop current control. 

 



converter can track the current reference. Without the closed 
current control loop, the emulation bandwidth is enhanced, but 
the accuracy is compromised. 

For voltage-control mode, an open-loop control is usually 
adopted and Fig. 8 (a) illustrates the control structure of open-
loop voltage control [69]. In this case, the conflicts between 
the two closed current control loops no longer exist, and the 
emulation bandwidth is enhanced. However, voltage control 
mode can only be implemented when the emulation accuracy 
is not important because the detailed FEM model is not 
available [68].  

When LC filters are adopted, it is better to adopt closed-loop 
voltage control, and the configuration is shown in Fig. 8 (b). 
With the double-loop PI controller, LC filters will be 
decoupled from the perspective of dq-frame. Thus, better 
dynamic performance can be obtained, and the static error 
induced by deadtime can be reduced. In this case, the 
emulation bandwidth is still limited by these control loops. 
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Fig. 8. Voltage control structure. (a) Open-loop voltage control. (b) Closed-
loop voltage control. 

V. CHALLENGES OF POWER-ELECTRONICS-BASED 
EMULATION  

There are several challenges when implementing PEBE, 
such as limited bandwidth, control coupling, stability, power 
supply, and mismatch in the switching frequency and carried 
phase angle, which are discussed in the following section. 

A. Bandwidth Limitation 
The bandwidth of PEBE is limited by multiple factors, such 

as the passive filters, the control dynamics and the power 
amplifiers. A lower bandwidth will lead to inaccurate test 

results, especially in transient conditions. 
L [40], [41] and LCL [74], [75] filters have been reported in 

the electric machine emulation in current-response mode, and 
LC [69] filters have been reported in the electric machine 
emulation in voltage-response mode. LCL and LC filters both 
suppress high frequency components effectively, but the 
dynamics of the high frequency are also affected. To extend 
the bandwidth, the L filter is the most preferable coupling 
element according to the research and analysis [40], [41], [68], 
[71]. 

To achieve a higher bandwidth, control algorithms of better 
dynamic performance have been adopted [40], [76], [77]. [40] 
employs PR controllers to guarantee the amplitude of specific 
frequency components, and [76], [77] employ a model-
predictive-control (MPC) controller to extend the control 
bandwidth. These control algorithms increase the burden on 
the processors, and may lead to higher risk of instability. 

It is proposed in [70] that the closed-loop current control can 
be substituted with an open-loop control. This direct 
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Fig. 9. Electric machine emulation based on Direct Impedance Regulation. 
(a) Circuit configuration. (b) Bode diagram. 

 



impedance regulation (DIR) method combines the accuracy of 
the current-response model with the high bandwidth of 
voltage-control mode. The configuration of PEBE based on 
DIR is shown in Fig. 9 (a), together with the bode diagram in 
Fig. 9 (b). The extra current control loop is removed. The 
characteristics of the emulator based on DIR become much 
closer to the actual machine compared with the emulator based 
on Closed-Loop Current Control (CLCC). The DIR can 
eliminate the impact of CLCC in middle frequency band, but 
the deviation still exists, especially in the high frequency band. 
This deviation is mainly induced by the low-pass voltage 
sampling and other delay links, which is neglectable in most 
cases [70]. 

The experimental results shown in Fig. 10 also demonstrate 
the superiority of DIR. The system parameters are in [70], and 
the mission profile adopted here is as follow: the rotational 
speed is set as 60 rpm at first in order to simulate the soft start 
of the target electric machine. At 3 s, the electric machine is 
accelerated to its rated maximum speed (3900 rpm) within 4 
seconds where the fundamental electrical frequency is 260 Hz. 
The load torque is 1 N·m and has no step. 

The emulator based on CLCC goes unstable and triggers 
over-current protection when accelerated to 6.2s. While for the 
emulator based on DIR, it can be accelerated to the maximum 
speed without any instability. 

 Fundamental Frequency
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Fig. 10. Experimental results. (a) Electrical Responses of the Typical 
Emulator Based on CLCC. (b) Electrical Responses of the Proposed 

Emulator Based on DIR. 

The major challenge for DIR is that the emulation accuracy 
will be directly affected by the variations of the inductance 
parameters. Therefore, it is very important to model the output 

filters more accurately. 
Another way to enhance the emulation bandwidth is to 

increase the bandwidth of the power amplifier, which can be 
realized by adjusting the topology of the amplifiers or 
improving the performance of the devices. [68] uses linear 
amplifiers as power amplifiers, and the bandwidth of linear 
amplifiers can reach dozens of kilo Hertz. However, linear 
amplifiers are not suitable for high-power applications, and 
other drawbacks, such as high costs and weight, restrict the use 
of linear amplifiers. [78] employs the linear inverters 
(LinVerter) as power amplifiers because of the satisfactory 
output characteristics. However, LinVerter is constructed with 
lots of power electronics devices in a complicated method, 
which prevents it from being widely used [67]. [62], [76], and 
[79] enhance the control bandwidth with the application of 
silicon carbide (SiC) based MOSFET, but the limitations of 
wide bandgap devices in power level and cost prevent them 
from being widely used. Paralleled or interleaved converters 
are also adopted in [79] and [80] to achieve a higher equivalent 
switching frequency, but the current sharing problems between 
multiple converters need to be further discussed. 

B. Control Coupling and Stability 
Although L filter is widely adopted because of its high 

bandwidth and easy control, LC/LCL filters are more often 
used due to the better characteristics in the frequency domain 
and less error they produce [77], [81]. Besides, the 
implementation of LC/LCL filters introduces neutral point into 
the emulation system, which makes the emulation of 
unsymmetrical conditions easier. However, the 
implementation of LC/LCL filters may bring unexpected 
system resonance and control coupling [58]. 

Fig. 11 (a) shows a typical three-phase interconnected 
converter system, where a voltage-controlled converter with 
LC filters is connected to a current-controlled converter with 
LCL filters. [58] analyzes the mechanism of unexpected 
system resonance and control coupling in this system. Fig. 
11(b) shows the block diagram of the system in Fig. 11 (a), 
together with the control loops based on the filter impedance 
network. In Fig. 11 (a), the PCC voltage vPCC and current iPCC 
are controlled by different converters. The matrix for the 
closed-loop transfer functions of the interconnected converter 
system considering filter impedances and control loops is 
given as (4): 
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where vPCC, iPCC, vref, and iref are the PCC voltage, PCC current, 
the voltage reference and the current reference respectively. 
Definitions of GA, GB, GC, and GD can be found in [58]. 

Fig. 12 shows the bode diagrams of external impedances of 
voltage-controlled converter and current-controlled converter, 



together with an inductive grid impedance (15 mH) in order to trigger the instability of the current-controlled converter. The 
system parameters are in [58]. Different from the typical 
resonance in grid-connected converter system (hundreds of 
Hz), the resonance in this system can be triggered at a higher 
frequency (several kHz). 

On the other hand, the coupling from current reference to 
PCC voltage is strong in both low-frequency band and mid-
frequency band, which can be seen from the bode diagram 
shown Fig. 13. The PCC voltage vPCC will be apparently 
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Fig. 11. Connected converters system. (a) Voltage-controlled converter with LC filter connected to current-controlled converter with LCL filter. (b) Block 
diagram of the system with voltage-controlled and current-controlled converters connected in parallel. PCC: point of common coupling. 

 
Fig. 12. Bode diagrams of output impedances of voltage-controlled 

converter GB and current-controlled converter 1/GD. The grid impedance 
equals a 1.29 p.u. (15 mH) inductor. 
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Fig. 13. Magnitude-frequency curves of coupling terms vPCC/iref and 
iPCC/vref when inductor current iL is fed forward for active damping. 

 



distorted if errors or distortions are introduced into the current 
reference. 

Potential solutions of resonance and coupling issues in the 
interconnected converter system have also been discussed in 
[58]. For resonance issues, passive damping methods, such as 
inserting a simple resistor into capacitor branch, can 
effectively stabilize the system. For coupling issues, feeding 
forward the capacitor current of LC filter can realize 
decoupling of current reference and PCC voltage in low-
frequency band. In mid-frequency band, adding differential 
terms into feedforward path is a commonly-seen approach. 

C. Power Supply 
As it is shown in Fig. 14(a), the machine drive converter and 

the emulating converter are powered by individual power 
source. In this case, no circulating path for zero-sequence 
current exists, and the power is not able to circulate among the 
system. Thus, more power is consumed in this system, and the 
capacity of the power sources must be at the same or even 
higher level than the emulation system. 

The machine drive converter and the emulating converter 
sharing a common power supply is shown in Fig. 14(b) and (c). 
In Fig. 14(b), the two converters are powered by a common 
AC power supply, and in Fig. 14(c), the two converters are 
powered by common a DC power supply. In both cases, the 
power flow is circulated among the system, and the power 
source only needs to provide the power loss in the testing 
system. However, for the situation shown in Fig. 14(b), the two 
rectifiers must be at the same or higher power level than the 
emulation system. Meanwhile, there are zero-sequence 
circulating paths among different modules. Thus, undesired 
harmonics and extra loss will be introduced. 
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Fig.14. Power supply solutions for electric machine emulation system. (a) 
Converters powered by separate power sources. (b) Converters powered by 

common AC power source. (c) Converters powered by common DC power 
source. 

Different methods have been proposed to eliminate the 
circulating currents. Firstly, a common-mode inductor can be 
implemented as it is shown in Fig.15 (a) [59]. Typically, either 
AC chokes or DC chokes are assigned. Secondly, a transformer 
whose secondary side adopts delta connection can be placed 
between the AC power source and the rectifier [82] as it is 
shown in Fig. 15 (b). While a transformer whose primary side 
adopts delta connection can be placed between the drive 
converter and the emulating converter [73], [75] as it is shown 
in Fig. 15 (c). The third way is realized by adding a PR-based 
control loop to reduce the amplitude of zero-sequence current 
[59]. The first way is hard to achieve because the value of the 
common-mode inductor is impossible to be infinite, so the first 
way is generally used in conjunction with the third method [59]. 
The second method is available when the system is powered 
by common AC source, and the transformers are placed 
between the AC power source and the rectifier. If the 
transformer is placed on the AC side between the drive 
converter and the emulating converter, there is no requirement 
of AC power sources. In this case, the zero-sequence current 
can be eliminated and the transformer tap position can be 
adjusted according to different power requirements. However, 
the bandwidth of the testing system will be narrowed, and the 
capacity of the transformers and the rectifiers must be at the 
same or even higher level than the emulation system. The PR 
controllers in the third way consumes a lot of computational 
time, and the fundamental frequency in the electric machine 
drive system is undetermined, which makes the 
implementation of the PR-based controller more complicated. 
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Fig. 15. Solutions to eliminate zero-sequence current. (a) Based on common-
mode inductor. (b) Based on transformers located between AC source and 

rectifiers. (c) Based on transformer located between two converters. 



The methods mentioned above insert transformers or 
inductors into the circuit to block the zero-sequence path, while 
the non-linear characteristics and saturation characteristics 
may induce instability, and distort the characteristics in the 
frequency domain. More advanced methods are needed to 
eliminate the common mode current. 

D. Mismatch in Switching Frequency and Carried Phase 
Angle 

In a PEBE-based electric machine emulation, the carriers of 
the controllers may be of the same frequency and different 
phases, or different frequencies. This mismatch in frequency 
and carried phase angle may introduce common mode ripples 
among the converters, and these ripples will distort the 
sampled results. 

Fig. 16 shows the current sampled results and the carriers 
when the carriers have the same frequency but different phases. 
The solid line represents the ideal condition where the two 
carriers have the same frequency and phase. In this case, the 
current value is sampled when the carrier reaches the highest 
or the lowest point and the sampled value is just in the middle 
point of the ripples. As it is shown in Fig. 16(a), the sampled 
current curve (marked in red) does not have a DC offset and 
the input value of the ADC is equivalent to the average value 
over one switching period. However, if the two carriers have a 
phase difference, the sampling point will deviate from the 
normal position as it is shown in Fig. 16 (b) marked in blue. 
Thus, an offset is introduced to the sampled current curve 
(marked in blue) as it is shown in Fig. 16 (a). So, the sampled 
results will be distorted when the two carriers have the same 
frequency but different phases. The sampled results are similar 
when the two carriers have different frequencies. The distorted 
sampled results will introduce unexpected harmonics, and 
make the testing results untrustworthy. 

 
(a) 

 
(b) 

Fig. 16. Illustration of sampling distortion. (a) Sampled results. (b) 
Synchronous sampling and asynchronous sampling. 

Fig. 17 illustrates the analog-to-digital conversion of the 
sampled current. The current of the inductor, is, is sampled by 
current sensor and converted to current signal, i1. Then, i1 is 
converted to isampled by pulse sampling. 

When the two carriers have mismatched frequencies, 
harmonics of beat frequency will be introduced in the sampled 
signal. When two carriers have the same frequency but 
different angle, a DC offset and low frequency harmonics will 
appear in the current sampled signal, which can be derived 
from (5). 
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where ωin represents the angular frequency of the current, 
ωsampling represents the angular frequency of sampling, Tsampling 
represents the sampling period, and q is an integer. 

This has been proved through simulations as illustrated in 
Fig. 18 and Fig. 19. The circuit is built as it is shown in Fig. 3 
(d). The inductance is 2.5 mH, and the parasitic resistance is 
0.64Ω. 

Fig. 18 shows the actual waveform of the inductor current 
and the sampled waveform when the two carriers have the 
same switching frequency but a mismatch in phase angle. As 
it is shown in Fig. 18, unexpected DC offset is introduced to 
the sampled results but it does not exist in the actual current 
waveform. 

-15.89A

14.41A

 
Fig. 18. Waveforms of inductor current when two carriers have the same 
frequency but mismatched phase. Switching frequency = 10 kHz. Phase 

difference of carriers = 90°. 

Fig. 19 (a) shows the actual waveform and the sampled 
current waveform when the two carriers have mismatched 
switching frequencies. As it is shown in Fig. 19 (a), unexpected 
harmonics are introduced to the sampled results, and a 
frequency analysis is shown in Fig. 19 (b). The actual current 
contains the spectrum components of the switching 
frequencies (9 kHz and 10 kHz). While for the value sampled 
by the emulating converter, the spectrum component of beat 
frequency (1 kHz) is introduced. 
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Fig. 19. Waveforms of the inductor current when the switching frequencies 
are mismatched. (a)Inductor current waveforms. (b) Frequency spectrum of 
inductor current and sampled value. Switching frequency of drive converter 

= 9 kHz. Switching frequency of emulating converter = 10 kHz. 

This distortion only exists in the sampled signals, which 
means there is a difference between the actual current and the 
sampled current. In this case, control distortion may occur due 
to this sampling error, and the actual waveform will be 
distorted due to the control distortion. The sampling error can 
be avoided by implementing anti-aliasing filter. However, for 
the electric machine drive system, the anti-aliasing filters do 
not necessarily exist. Besides, these high-order current ripples 
will lead to increased power losses and compromised 
reliability of the DC-link capacitors [83], [84]. Further 
discussion and advanced methods are needed to avoid the 
sampling errors. 
 

VI. CONCLUSION 
With the widespread use of electric machines, the stability 

and reliability of the drive systems become vital. More 
advanced testing methods are urgently needed. In this article, 
key factors of machine drive systems to be emulated are 
clarified, and various testing methods have been developed. 
Up until now, four concepts of electric machine emulation 
have been discussed. The PEBE has been considered as the 
most promising method due to its flexibility, high power level, 
low cost, and so on. Different configurations and features of 
PEBE have been introduced and they can be selected according 

to the testing requirements. 
However, there are still several challenges needed to be 

solved, including the limited bandwidth, control coupling, 
stability issues, power supply, and the mismatching in 
switching frequency and carrier phase angle. Some solutions 
have also been introduced but the results are not satisfactory 
enough. The PEBE with signal transmission can realize full-
bandwidth emulation with certain methods but is not plug-and-
play, which limits its usage scenarios. Eliminating the zero-
sequence current by inserting common mode choke will bring 
extra non-linear characteristics into the system. Enhancing the 
bandwidth by using wide-bandgap devices or advanced 
topologies will increase the total cost of the test bench, and 
control algorithms with high control bandwidth will burden the 
digital processor. Anti-aliasing filters can be implemented to 
reduce the sampling errors, but they are not suitable for the 
converter under test and the current ripples still exist. More 
effective methods are needed to meet these challenges. 
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