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ABSTRACT The electric machine emulator (EME), using digital simulation and power electronics to
emulate the characteristics of actual machines, can greatly accelerate the testing of electric drives. However,
most existing EMEs are based on typical L filter and linear controller, which causes control conflicts and
bandwidth limitation. To address this issue, this paper presents an EME based on LCL filter with passive
damping for a three-phase permanent magnet synchronous motor. To improve the dynamic emulating accu-
racy, a dual closed-loop deadbeat predictive current control algorithm is proposed, which is computationally
efficient and easy to implement. The system stability is analyzed in the discrete domain, and the parameter
constraints of the filter are obtained. Then, two unknown input observers are designed to compensate for the
disturbance currents and voltages caused by modeling errors. Moreover, instead of the empirical method,
a theoretical one considering the harmonic suppression, bandwidth, stability and resonance is presented for
filter design. Finally, the performance of the proposed EME is validated through simulation and experimental
results under various conditions such as machine start-up, torque step change, and speed reversal.

INDEX TERMS Electric machine emulator (EME), LCL filter, dual closed-loop deadbeat predictive current

control, unknown input observer.

NOMENCLATURE
Wmax Maximum electrical angular frequency.
We Electrical angular frequency.
Opwm Switching frequency of the drive inverter.
C Filter capacitance.

led leg dg-axis currents of the emulating converter.
iid, g dg-axis disturbance currents.

Imd,img dg-axis currents of the motor drive unit.
Lg, Ly dg-axis stator inductances.

L, L. Filter inductances.

Ly Stator average inductance.

Ry Filter damping resistance.

R, R,  Internal resistances of L,, and L,.
T, Sampling time of the EME.
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Ued, Ueqg  dg-axis voltages of the filter capacitance.
Ued, Ueqg  dg-axis voltages of the emulating converter.
Uig, Uiy dg-axis disturbance voltages.

Umd, Umg  dg-axis voltages of the motor drive unit.

I. INTRODUCTION

The electric machine emulator (EME), based on power
hardware-in-the-loop (PHIL) technology, can emulate
the characteristics of actual machines with different
types/ratings [1], [2]. Compared with HIL test, the EME can
exchange high-power energy with motor drive unit (MDU)
in addition to logic and control signals [2], [3]. Besides, the
EME can achieve much easier and safer fault configuration
than dynamometer test. Therefore, EMEs have attracted
extensive attention in electric vehicles [4], [5], wind power
[6] and smart grids [7]. Several EMEs have been developed
for industrial machines, such as induction machines [8], [9],
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FIGURE 1. Typical EME schematic diagram for MDU testing.

permanent magnet synchronous machines (PMSMs) [2], [5],
[10], brushless DC motors [11], [12], and switched reluctance
machines [13]. As shown in Fig. 1, a typical EME consists of
the interface filter (IF), emulating converter (EC), real-time
simulator (RTS), power supply and sampling circuits [5], [8].
In the RTS, the machine model takes the terminal voltages
of the MDU as input and calculates the reference currents
as output to the interface controller. Then, the command
voltages of the EC are calculated, and the actual currents are
reached by controlling the terminal voltages of the IF.

Emulating accuracy is the key concern since the EME
is used to replace the actual machine to test and validate
the performance of the MDU [14]. As the controlled main
component, the IF is not only used for harmonic suppression,
but also determines the structure of the interface control
algorithm (ICA) and system bandwidth. Therefore, the IF is
of great significance to the emulating accuracy. Three types
of IFs have been presented in EMEs, namely, L, LC and
LCL filters [4], [15]. Among them, the LC filter may only be
found in generator emulators [16], [17] despite better filtering
capability than the L filter. The main reason is that the LC
filter is asymmetric, which cannot be applied to the EME
operating in four quadrants.

The L filter has been most widely used in EMEs. The main
advantage of the L filter is that a simple linear proportional-
integral (PI) controller can be adopted as the ICA since it
is a first-order system. EMEs based on PI controller have
been developed in [8], [12], [18], [19], in which acceptable
accuracy can be reached in the low-frequency region, whereas
the dynamic performance in the high-frequency region is
distorted because the low-pass filter (LPF) characteristic of
the PI controller narrows system bandwidth [20]. In [10],
feedforward control is added to the PI controller to extend
system bandwidth, but the problem has not been thoroughly
overcome. Besides, as shown in Fig. 1, control conflicts may
arise due to the same currents being controlled by both the
MDU and EME. To avoid the conflicts, [5] recommends that
the current loop bandwidth of the EME needs to be at least
five times higher than that of the MDU, which may impose a
high cost and demand for the EME.

Open-loop current control (OLCC) has also been proposed
for L filter-based EME [21], in which the command voltages
of the EC are directly calculated through the machine and
IF models, thus resolving control conflicts and improving
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TABLE 1. Comparison of the existing EMEs and the proposed EME.

Literatures IFs ICAs Deficiency lfxlpr({vements
in this paper
. Control conflicts, LCL filter
In 5], [18] L filter Pl limited bandwidth +DDPCC
L filter+ Pl+lcad-lag Con.trol conflicts, LCL ﬁlter+i
In [9] . high losses, switching device
linear amp. | compensator P
limited power based converter
b‘frlgl;jer:;yr“ DQ-frame-based
In[15] LCL filter LQR ased design, DDPCC+UIOs
varying ac errors, o .
+unified design
poor robustness
In[16],[17] | LC filter Dual PI Unidirectional LCL filter
energy flow
- Closed-loop
In [20], [22] L filter OLCC Poor robustness DDPCC
b;lzcail;izr;i(;-n DQ-frame-based
In [24] LCL filter MPC varying ac errors, DD}?.CC*'UIOS.*'
- stability analysis
poor stability . .
+unified design
and robustness

dynamic response. In [22] and [20], an OLCC based on direct
impedance regulation is presented, where the differential
operation is eliminated to improve robustness. Nevertheless,
the accuracy of the EME based on open-loop control deeply
depends on accurate modeling and hardware implementation.
Thus, unacceptable deviations from the actual machine may
occur due to inevitable modeling errors and nonlinearities of
the converter. Also, the inductance of the L filter can only be
adjusted within a limited range since small values are ideal
for high bandwidth while higher values are more effective
for harmonic suppression [23], which further compromises
the emulating accuracy and hinders its application.

The LCL filter seems to be the most suitable IF for EME.
It can completely eliminate control conflicts because the
addition of the capacitor branch decouples the current loop
of the EME from that of the MDU [5]. Also, the performance
of the PHIL system with the L and LCL filters is compared
in [23], concluding that the LCL filter is better both in time
domain and frequency domain. However, there are few EME
literatures involving LCL filter due to its complex structure
and cumbersome control. In [24], the EME with LCL filter
is presented to test the performance of the inverter for eleva-
tor applications, in which a predictive algorithm is directly
deduced based on backward difference and model inversion.
Moreover, the LCL filter-based load emulator is proposed in
[15], where the linear quadratic regulator (LQR) based on
state feedback control is designed to improve the transient
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FIGURE 2. Overall schematic of the proposed EME based on LCL filter.

response. Nevertheless, both aforementioned ICAs are devel-
oped in abc frame, which not only introduces time-varying ac
errors but also requires higher-bandwidth controller. Mean-
while, these algorithms suffer from a common problem that
inevitable adverse factors such as the resonance, time delay
and parameter uncertainty are not taken into account, leading
to poor robustness and stability. In addition, unlike in grid-
connected systems [25], [26], the LCL filter in EMEs have an
impact not only on harmonic suppression, but also on system
stability and bandwidth. Yet, there is no universal method
presented for the parameter design of the LCL filter in EMEs.

In this paper, the LCL filter with passive damping is chosen
as the IF. The comparison of the existing EMEs and the
proposed EME is presented in Table 1, and the main contri-
butions of this paper are further detailed as follows.

1) A dual closed-loop deadbeat predictive current con-
trol (DDPCC) based on dgq frame is proposed, which
effectively improves the dynamic accuracy of the EME.
Also, the parameter constraints obtained based on the
analysis in the discrete domain ensure the system stabil-
ity, thereby further improving the practicability of the
algorithm.

2) The parameter sensitivity of the ICA is ana-
lyzed in detail. On this basis, two unknown input
observers (UIOs) are designed to compensate for the
disturbance currents and voltages introduced by model-
ing errors. Thus, the system robustness is considerably
enhanced.

3) A universal approach based on theoretical analysis
rather than engineering experience is proposed, which
comprehensively considers the harmonic suppression,
bandwidth, stability and resonance.

Therefore, the proposed EME takes the emulating accu-
racy, stability and robustness into account, so that it is opera-
tive for various complex working conditions. The rest of this
paper is structured as follows. Section II presents a detailed
design and in-depth analysis for the EME. Sections III and IV
are to validate the proposed EME through simulations and
experiments, respectively. Section V concludes this paper.

Il. DESIGN AND ANALYSIS OF THE EME
The overall schematic of the proposed EME in this paper
is shown in Fig. 2. Compared with Fig. 1, the MDU and
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FIGURE 4. Torque maps versus d- and g-axis currents at 0° rotor position.

EME are powered by two independent DC sources instead of
the rectifier or power converter. Besides, the LCL filter with
passive damping is chosen as the IF, and a high-bandwidth
DDPCC is proposed as the ICA to improve dynamic perfor-
mance of the EME. In addition, the PMSM is selected as the
target motor to be emulated in this paper, for it is widely used
in electric drive systems due to high efficiency, high power
density and small size.

A. MACHINE MODEL

The accuracy of the machine model has a significant impact
on the emulating accuracy. Various machine models, includ-
ing mathematical models and look-up tables based models
extracted from finite element analysis (FEA), have been
implemented in real-time systems. Mathematical models are
popular in electric drives due to their low computational
effort, but the nonlinear characteristics of the machine cannot
be taken into account. In this paper, a high-fidelity and com-
putationally efficient look-up tables based machine model
presented in [27] is used, which considers both the magnetic
saturation and spatial harmonics.

For the aforementioned machine model, the flux linkage
and torque functions of d- and g-axis currents and the rotor
position are initially extracted by the FEA for a prototype
PMSM. Subsequently, the current maps versus d- and g-axis
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flux linkages at different rotor positions are obtained by the
inverse solution [27]. The resultant look-up tables of d- and
g-axis currents and torque at 0° rotor position are shown in
Figs. 3 and 4.

B. PROPOSED INTERFACE CONTROL ALGORITHM

The system bandwidth not only affects the dynamic accuracy,
but also determines the performance of the EME at high
operating speed. Considering the multi-pole characteristic of
the LCL filter, linear PI control is no longer applicable since
very limited bandwidth is available. Besides, the dynamic
performance will be distorted at high operating speed due to
the LPF characteristic, which further narrows the operating
speed range. As the predictive control with high bandwidth
is excellent for controlling multiple-input multiple-output
systems, a novel DDPCC-based ICA in dg frame is proposed
to reach an accurate emulation.

1) DYNAMIC EQUATION OF THE INTERFACE FILTER

For simplicity, the single-phase LCL filter shown in Fig. 5 is
initially analyzed. The dynamic equation of the single-phase
filter is derived as follows.

. diy, .
Um = (R + Ryq)ip + Lm_t + uc — Ryi,

. le .
ue = —(Re + Ry)ie _Lez + e + Raim (D
du,
dt

Equation (1) is subsequently extended and transformed to
dgq frame by Park transform as follows.

=iy — e

. dima .
Umd = Ry + Ry)ima + Lmd_n; - a)eLmlmq
+uca — Raiea ’
. dimg @
Umg = (R + Rd)lmq + Lm? + WeLmimag
Feqg — Riieq
. dieq .
Ueg = —(Re + Ry)ieq — Led_i + CUeLeleq
+uca + Raima
. dieg . G)
Ueg = —(R. + Rd)leq - Le? — WeLeled
Feqg + Riimg

According to (2) and (3), the currents iy, = [ima imq]T

flowing through the MDU is not directly regulated by the
. T

terminal voltages u, = [ueq Ueq] . but controlled by the

currents i = [icq ieq]T flowing through the EC. Inspired
by the idea of backstepping control, in which the complex
nonlinear control system is decomposed into several sub-
systems by introducing virtual control variables [28], [29],
the current control of the LCL filter-based EME can also
be decomposed into two simple subsystems, one to adjust
the currents iy, to track the reference ones i), by accurately
calculating the desired currents i:f, and the other to force
the currents i, to track the desired by exactly controlling
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FIGURE 5. Schematic of the single-phase LCL filter.

the command voltages u. That is to say, the currents i are
selected as the intermediate control variables. However, dif-
ferent from backstepping control, the control law here can be
directly derived without constructing the Lyapunov function
since the system described by (2) and (3) is linear. In other
words, derivative operations, Lyapunov function calculations,
and complex gain tuning are all avoided. Thus, the proposed
algorithm is computationally efficient and easy to implement.

2) DPCC FOR THE CURRENTS FLOWING THROUGH THE
MDU

The prediction equation of the currents flowing through the
MDU is obtained by forward Euler discretization of (2) as

im,k-i—l = Amim,k + Bm(um,k - uc,k) + Cmie,k “4)

Ty(Ry+R
o 1 — % wexTy
m ey Ty 1 — DButRo)

where

m

T, T,R
=0 )
B, :|:L6' T;i|’Cm:|:L(')n Tdei|
L Lin

T T
and Uk = [Umd k Umgk] »Uek = [Ueak Ueqk] -
For deadbeat control, the predictive currents are assumed
to be equal to the references output by the machine model as
k1 = by g (5)
According to (4) and (5), the reference currents flowing
through the EC can be derived as

it =Collis x — Amimk — Bu(mi —uc)l.  (6)
3) DPCC FOR THE CURRENTS FLOWING THROUGH THE EC

Similarly, the prediction equation of the currents flowing
through the EC is derived by discretizing (3) as

ie,k+1 = Aeie,k + Be(uc,k - ue,k) + Ceim,k @)
where
1— TS(RZ+Rd) e kTs
A, = ‘ :
€ _we,kTs 1 _ Ts(sz‘Rd)

0 e 0
Be: OeLLZ ,Cg: Og Ti_fd .

Likewise, the following assumption is established.
ekl = %y ®)
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Sensors

DDPCC

According to (7) and (8), the command voltages of the EC
can be expressed as

wh, =B, (=it +Adex + Ceipp) +uck. (9

4) DELAY COMPENSATION

In practice, the terminal voltages obtained at current moment
will be applied at next moment, which may weaken the
robustness of the algorithm. Thus, the delay should be com-
pensated, and the voltage equation is accordingly updated as

wh, =B, (=it + Acie it + Coeimir1) + e (10)

where i, +1 and i, x4 are calculated by (4) and (7), respec-
tively. In addition, considering the time constant of the capac-
itance is much larger than that of the inductance due to
the presence of the damping resistance, u; x+1 ~ Uc i 1S
established when the sampling time is short enough.

As a result, the diagram of the proposed DDPCC with
delay compensation is shown in Fig. 6, where the reference
currents i,’;’ « flowing through the MDU are initially derived
from machine model (see Fig. 2), and subsequently, the ref-
erence currents i, ; flowing through the EC are calculated
by (6) based on i, , and the variables measured by sensors.
Simultaneously, the currents i, x+1 and i, x4 are predicted
by (4) and (7), respectively, to compensate for the unit delay.
These variables are then entered into (10) to calculate the
command voltages u’ef +» Which will be ultimately modulated
by PWM generator to drive the converter (see Fig. 2).

C. STABILITY ANALYSIS
System stability is a prerequisite for the operation of the
EME. For the backstepping control, the system stability is
ensured by constructing the Lyapunov function while obtain-
ing the control law. However, the proposed DDPCC algo-
rithm is directly deduced based on the linear system described
by (2) and (3), so inappropriate system parameters may lead
to a remarkable increase in prediction errors and thus cause
system instability. Moreover, since the LCL filter is a third-
order system, the unexpected resonance may cause further
augmented prediction errors, thus increasing the tendency of
system instability. Therefore, this section presents a detailed
stability analysis, and the constraints on system parameters
are obtained accordingly.

As shown in Fig. 6, the terminal voltages u,, of the MDU
are sampled to calculate the predictive currents along with
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desired currents . According to Shannon sampling theorem,
the sampling time of the EME needs to be at least twice as
high as that of the MDU. In fact, the sampling time of the
EME is typically three to five times higher than that of the
MDU to reach an accurate emulation, which means T is quite
small. In this case, [30] indicates that the cross-coupling term
w,Ts has little impact on system stability. To explain it, the
tracking errors of the outer- and inner-loop controllers are
defined as

21 = imd — l.:m'

22 = Img — i;lq

23 = led — lyg (a

ok

24 = log — log-

Based on (2) and (11), we can get

. Ru+ Ry . 1
1= _mTlmd,t + E(umd,t — Ued,t)
. Rq “
twe timg.r + (g +23) — bpax  (12)
Ly
where t € [k,k 4+ 1]. When the sampling time T is

small enough (Ty < 1/w,), it is reasonable for low- and
medium-speed emulated motors to suppose that the system
variables, except for the pulsewidth voltage u,, 4, remain con-
stant in one control cycle, i.e., img,r = imd ks img,t = Img k>
and we,; = we k. On this basis, (12) can be simplified as (13)
by substituting (6) into it.
. 1 Ry 1 “
= _FSZI + 523 + L—m(umd,t = Umd k) = byg x (13)
Obviously, the cross-coupling term we ;img,, is cancelled
out by the control term we ximg,k in 21, as well as in z5. Taking
the outer current loop in Fig. 6 as an example, when the Lya-
punov function is designed as V; = zf /2 —i—z% /2, the resultant
Vi = z121 + 2222 clearly does not contain cross-coupling
term, which means that this term has almost no effect on
system stability. It should be noted that this conclusion still
holds for other forms of Lyapunov functions since V| is pos-
itive definite throughout. The same finding can be obtained
from the inner current loop. Furthermore, according to (13),
it may be difficult to directly acquire stability conditions since
constructing the proper Lyapunov function is cumbersome.
Actually, according to the expressions of coefficient matrices
An, By, Chp,Ae, B,, and C,, the system can be considered as a
single-input single-output one by ignoring the cross-coupling
term, which contributes to a simpler analysis method. In this
way, coefficient matrices can be simplified as

Ts(Ri + Ry) T TsRq
am =1— ———— b=, cmn= ,
L Lin Lin
Ts(R. + R T. TsR
ap = 1 — s(Re + d)’bez_s’Ce: sd. (14)
L, e L,

The voltage equation with i;‘n’ & as input can be expressed
as (15) by substituting (4), (6), (7) and (14) into (10).

* 11k . .
u(),k = bg (Cm lm,k _pmlm,k - Qmut,k _p€l€,k - Qeuo,k)

15)
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FIGURE 7. Block diagram of the EME current loop.

where
Ujf = Umk — Uck
Uoj = Uck — Uek (16)
Wy = Ue kil — Ugy
Pm = (Cy;I + ce)am + aqce
G = (¢ + ce)bm
De = CmCe + aez
ge = aebe.

According to (15), the block diagram of the EME current
loop is shown in Fig. 7, where the EC is assumed to be an
ideal component and u; ; is neglected for simplicity as it has

no effect on the analysis. Subsequently, the transfer function
from i;“n « t0 m k can be obtained as

a7

Z
G(z) = 18
@ @373 + w2 + a1z + ap (18
where
ay = ae(amae — Cpce)
a1 = ay + (ae — Degee — (1 + am)aez (19)

a) = ae2 — am + CpCe
ay = 1.
According to Jury criterion for discrete system, the stability
conditions can be expressed as
Al)=az+ay+a;+agp >0
—A(—l)=a3—ar+a; —ay >0

(20
az > |apl

a32 — a02 > azda) — aapn

where A(z) = a3z> + a2z + a1z + ap.
As described in Section II-E, the parameters of the LCL
filter satisfy L,, = L, and R,, = R,, which means

am = aey, by =be, = cCe. 21
Furthermore, considering R, < Ry, the following rela-
tionship is satisfied.
am +cm~ 1 (22)
Based on (21) and (22), the stability conditions can be
rewritten as
A)=1>0
—A(=1) = —1 + 8a,, — 8a,,> > 0
1+ ap —2a,> >0
2 — Sa,, + Sam2 — 4am3 > 0.

(23)
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Eventually, the constraints is obtained by solving (23) as

T,R
0.146 < =4
L

m

< 0.854. (24)

According to (24), when the sampling time T is deter-
mined, the damping resistance R, should take on a value that
is proportional to the inductance L,, in order to achieve a
stable operation. In other words, as the inductance increases,
a larger damping resistance is required to ensure stability.

It should be noted that the above conclusion is obtained
by simplifying the system to a single-input single-output
one based on the premise that iy, and w,; remain con-
stant within each control period. For low- and medium-
speed motors, it is completely operative due to the large
mechanical time constant and large stator inductance. How-
ever, this premise will no longer hold for high-speed motors
(Ty < 1/w, is not satisfied) with the smaller inductance. For
instance, for Ty = 20 us in this paper, when w, > 5000 rad/s
(i.e., 796 Hz in the electrical frequency and w, Ty > 0.1), the
previous analysis may not be applicable. In this case, it may
be more straightforward to resolve the stability conditions by
constructing a proper Lyapunov function.

D. DISTURBANCE ANALYSIS AND SUPPRESSION

Since the proposed DDPCC is a model-based control method,
the performance largely depends on the modeling accuracy
of the IF. However, the IF is subject to parameter variation
and uncertainty. For instance, the inductance decreases as
the current rises, and the resistance increases as the temper-
ature rises. According to (4), (6), and (7), the prediction and
reference current errors caused by parameter mismatch can
be represented based on the deviation matrices AA,,, AB,,,
AC,,, AA,, AB, and AC, as (25), (26), and (27), as shown
at the bottom of the next page, respectively.

Aim,kJr] = AAmim,k + ABmui,k + ACmie,k (25)
Aie,k+l = AAeie,k + ABeuu,k + ACeim,k (26)

where u;, u, are defined as (16).

As shown in Fig. 6, the prediction and reference current
errors do not directly affect the emulating accuracy, but indi-
rectly through the command voltages u}. Therefore, it is
necessary to derive the command voltage errors for further
analysis. According to (10), the exact command voltages

82585



IEEE Access

Q. Sun et al.: Design and Implementation of LCL Filter-Based EME With Disturbance Compensation

z z
(23 [
o0 o0
] ]
= =
o3 (o3
Q Q
=1 f=]
< <
2 2
2 2
a a
0 0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2
Time (s) Time (s)
(a) (b)

FIGURE 9. Simulation results of disturbance voltages under Ly, = 2L7¢9/
and Le = 2179 (a) ujy and ujiq- (b) ujg and uyq.

under parameter mismatch can be expressed as (28), shown
at the bottom of the page. Further, the voltage errors can
be derived as (29), shown at the bottom of the page, by
substracting (10) from (28). Clearly, the errors can be divided
into two parts, one is the error (defined as u;;) caused by the
aforementioned disturbance currents (i.e., Ai: x» Al k41 and
Ay k+1), and the other comes from the disturbance voltages
(defined as u;) generated by parameter mismatch (i.e., AA,,
AB, and AC,) alone. As a result, the parameter mismatch
initially introduces the disturbance currents, which in turn
acts on the command voltages along with the disturbance
voltages, thus deteriorating the emulating accuracy.

Figs. 8 and 9 quantitatively evaluate the effect of the param-
eter mismatch on the disturbance voltages, where the desired
currents I, are set as [i;"nd, i:;q] = [0, 5] A, and the motor
speed is stepped from 20 Hz to 150 Hz at 0.1 s. The rest
of the configurations are the same as in Section III. As can
be seen, the disturbance voltages caused by both resistance
mismatch and inductance mismatch rise dramatically as the
speed increases, indicating that disturbance suppression is
crucial especially for high-speed operation. Moreover, the
resistance mismatch only causes the offset errors, while the
inductance mismatch not only produces the offset errors, but
also leads to the violent fluctuation in disturbance voltages,
which means that the waveform quality of the controlled
currents will also deteriorate under the inductance mismatch.

Indeed, (29) also specifies the direction of disturbance
rejection that we can counteract u;; by compensating for
disturbance currents, while offsetting disturbance voltages
u; to completely eliminate the errors. Various disturbance
estimation and attenuation methods have been developed,
such as extended state observer [31], finite-time disturbance
observer [29], nonlinear disturbance observer [32]-[34],

7

(®)
FIGURE 10. Block diagrams of the proposed disturbance observers.
(a) uICo. (b) UIVO.

and UIO [35], [36]. For these approaches, the estimated
lumped disturbances are employed for feedforward com-
pensation control. Among them, the UIO, integrating state
feedback and disturbance evaluation, has become one of
the most extensively investigated and applied methods due
to its excellent ability to suppress disturbances and uncer-
tainties. Therefore, the UIO is adopted here, and unknown
input current observer (UICO) and unknown input voltage
observer (UIVO) are presented to compensate for the distur-
bance currents and voltages, respectively.

Based on (2) and (3), the state-space form of the IF model
can be derived as

im = Amsim + Bsu; + Cmsie (30)
ip = Agsie + Bty + Cogiy 3D
where
—RutRq 1
Apms = L RaieR s Bums = Lm (1) ’
‘ B e L0

_Re+Rd L
Ag=| L o Bo=|Z °
es — . Ro+Ry | ° es — 0 1|
We L Lo

Aif = AC,i

ik — (ARG, +ARAC + AALAC, Dim i — (AB,C,,' + By AC;, + AB, AC;, Dk (27)
u:)k = (Bg_l + ABe_l) [_(iz)k + Aiz,k) + (Ae + AAe)(ie,k-H + Aie,k—H) + (Ce + ACe)(im,k-H + Aim,k+1)] + Uc k (28)

ui

Auzk = (Be_l + ABe_l) [_Aij’k + A, + AAe)Aie,kJrl +(C. + ACe)Aim,kJrl]
+ [-AB;li;k +(AAB' + AABS' + AAAB Vi i1 + (AB'Co + BIUAC, + AB;lACe)im,Hl] (29)
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0 I,

The UICO is first designed to compensate for disturbance
currents to eliminate u;;. Considering the errors between the
reference model and the actual model, the deviation matrices
AA,;, AB,,, and AC,, can be defined as

Aps = Apgp + AAyys
By = Bygr + AByys (32)
Cms = Cmsf + Acms
where A7, Bpgr, and Cpgp are the coefficient matrices of
the reference model.

The dynamic equation with modeling errors can be
obtained by substituting (32) into (30) as

i.m = Amsfim + Bmsfui + CmAfie
+AA by + ABpsui + AC i, (33)

and the terms involving the model errors can be considered as

. . . . . 1T
unknown input disturbance currents i; = [l]d llq] as shown
in (34).

AApsim + ABpstt; + AC iy = Cmsfil (34

The dynamic equation with modeling errors can be rewrit-
ten as (35) by substituting (34) into (33).

l:m = Amvflm + Bmsf”i + Cmsfie + Cmsfil (35)

Based on the relationship between the disturbance currents
i; and the measurable currents i, established in (35), the
UICO is then designed as

HE s R
Eae-vaf)

where fm and ;1 denote the estimated variables, and the UICO
gain H, = [H a H CZ]T is to drive the estimated variables to
converge to the actual values. According to (36), the block
diagram of the UICO is displayed in Fig. 10(a).

In a similar way, the UIVO can be designed to compen-
sate for disturbance voltages u; = [uld ulq]T. Referring
to (35), the dynamic equation with disturbance voltages can
be derived as

ie = Aesfie + Besfuo + Cesfim + Besful- 37

The UIVO can then be designed based on the relationship
between the disturbance voltages u; and the measurable cur-
rents i, as

BT [ <5l
] (e-al]) e
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FIGURE 11. Block diagram of the DDPCC with disturbance observers.

Sensors

and the block diagram of the UIVO is shown in Fig. 10(b).
It should be noted that the UIVO gain H,, = [H vi H VZ]T can
be calculated by appropriate pole configuration according to
the desired EME bandwidth, as well as the UICO gain H .
For instance, when the bandwidth of the EME is targeted
at 500 Hz, the poles of both observers can be configured as
[—500 —500 —520 —520] Hz, and the UICO and UIVO gains
can thus be derived at each operating speed.

The observed disturbance currents and voltages can then
be used to compensate for the prediction and control errors
caused by model uncertainty. Since the system described
by (2) and (3) is updated to the one defined by (35)
and (37), new prediction, reference and output equations can
be obtained based on the same processing steps in Section II-
B. Comparing these new equations with (4), (6), (7), and (10),
we can get the compensated system variables as

. / . ~
Ink+1 = bmk+1 + Cradp i
. ;. .
e kt1 = lek+1 + Bett k

e/ . 3
l:,k = l:,k — Uk

/ ~
u:,k = Z,k +u i (39)

and the block diagram of the DDPCC with disturbance sup-
pression is shown in Fig. 11.

E. PARAMETER DESIGN FOR LCL FILTER

As mentioned above, the IF has a direct effect on system
bandwidth and harmonic suppression. Moreover, inappropri-
ate filter parameters can lead to system instability according
to (24). However, to our knowledge, no universal method has
been presented for sizing the parameters of the LCL filter in
EMEs. In this section, each component of the LCL filter is
designed based on theoretical analysis.

1) FILTER INDUCTANCE

As shown in Fig. 2, the actual currents are driven to track
the references by controlling the terminal voltages of the EC.
Thus, the actual currents involve the higher-order harmonics
caused by switching frequency and lower-order harmonics
introduced by dead time. A large inductance, although effec-
tive for harmonic suppression, narrows the system bandwidth.
Here, the total inductance, L;yq; = L., + L., is first derived
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FIGURE 12. Bode diagrams of the IF. (a) Comparison of L, LC and LCL
filters. (b) Comparison of the LCL filter with different inductance ratios.

from the suppression of lower-order harmonics, while the
inductance ratio, @« = L;,/Lsai, 1S determined by the sup-
pression of higher-order harmonics.

According to (1), when the internal resistances of the
inductors are neglected, the transfer function from u, to iy,
can be expressed as

1 R;Cs+ 1
(Lim + Le)s %ﬂ +R Cs+ 1

Gy (s) = (40)

In the low-frequency region, the transfer function can be
simplified to (41). In this case, the LCL filter is equivalent to
a first-order system, which is also shown in Fig. 12(a).

Gy(s) = (1)

(Lin + Le)s .

In addition, as shown in Fig. 12(a), the LCL filter is
more efficient at suppressing higher-order harmonics than
the L filter for the same total inductance. Assuming that the
lower-order harmonics introduced by the EC are the same as
the MDU, the total inductance of the IF should be twice that
of the actual machine to reach a close match, namely

Lmtal = Lm + Le = 2Ls (42)
where
Ly + L,
== (43)

In practice, the switching frequency of the EC is usually
much higher than that of the drive inverter to achieve better
dynamic performance and emulating accuracy, which means
less dead time and fewer low-order harmonics. Considering
the system bandwidth and harmonic suppression, the total
resistance can be designed as

Liotar = (1.5 ~ 2)L; 44)

Once the total inductance is determined, the suppression
of higher-order harmonics depends on the inductance ratio.
Based on (40), the bode diagrams of the LCL filter with
different inductance ratios are shown Fig. 12(b), in which
only the ratios in the range of [0 0.5] are considered due
to the same results for & and 1-«. As shown in Fig. 12(b),
the filter has the strongest suppression of high-frequency
harmonics at « = 0.5, namely L,, = L. It should be noted
that although the resonance peak is slightly higher for o =
0.5, it can be conquered by selecting the resonant frequency
reasonably.
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TABLE 2. Parameters of the prototype PMSM and EME test benches.

Variable Symbol Value
PMSM Rated Power Py 2.6 kW
Load Motor Rated Power Py, 8 kW
PMSM Rated Speed Ny 2500 r/min
PMSM Rated Torque Ty 10 N-m
Stator Inductance (d-axis) Ly 1.2 mH
Stator Inductance (g-axis) Ly 1.2 mH
Stator Resistance Rs 360 m§2
Number of Pole Pairs Ny, 4
Filter Inductances Lo, Le 1 mH
Resistances of Filter Inductances Ry, Re 200 m§2
Filter Capacitance C 33 uF
Damping Resistance Ry 30 Q2
Switching Frequency of MDU fsw.m 10 kHz
Switching Frequency of EME Sfow_e 50 kHz
DC Link Voltage of MDU Ve m 200V
DC Link Voltage of EME Vic e 300 V

2) FILTER CAPACITANCE
The resonant frequency of the LCL filter can be expressed as

[Lin + Le A
wr Y 5
“ L,L.C “45)

Obviously, after the filter inductances are determined, the
resonant frequency depends on the capacitance. As shown in
Fig. 12, the resonant frequency should be positioned away
the operating frequency region of the actual machine to
avoid a significant increase in current harmonics. Besides,
the resonance position should ensure that the harmonics at
the switching frequency can be effectively attenuated. Thus,
the resonant frequency can be selected as

SWmax < Wres < C‘)pwm/ 2 (46)

The capacitance can subsequently be derived as

Ly + L,

c=—mTe
LiyLewyes

(47)

3) DAMPING RESISTANCE

As shown in Fig. 12(a), the resonance peak of the LCL
filter can be considerably attenuated by the damping resistor
in series with the capacitor, thus reducing the harmonics at
the resonant frequency and improving system stability. Also,
a larger damping resistance appears to be more efficient in
this case, whereas it may lead to instability according to (24).
Considering the system stability and harmonic suppression
at the resonant frequency, the damping resistance can be
designed as

Lm
Rq=(0.5~07)" (48)

s

Based on the previous analysis, the parameters of the LCL
filter in this paper are designed as shown in Table 2.
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FIGURE 13. Transient speed and torque load profile for simulations.
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Ill. SIMULATION RESULTS

The proposed EME based on LCL filter and DDPCC is
first verified by simulations. The simulation topology is
consistent with Fig. 2, where the drive inverter is operated
with field-oriented control (FOC) in torque control com-
mand. The parameters of the EME test bench (i.e., the EME
along with MDU under test) and target PMSM are shown
in Table 2. To verify the steady-state and dynamic perfor-
mance of the proposed EME over a wide operating point,
a transient speed and torque load profile is designed as shown
in Fig. 13, in which the motor is accelerated to 3000 r/min
(i.e., w, = 200 Hz) at start-up and stepped back to 1500 r/min
(i.e., we = 100 Hz) at 0.15 s. Meanwhile, the torque steps
from 5 N-m to 10 N-m at 0.1 s and steps back to 5 N-m at
0.2s.

For comparison, the L filter-based EMEs with PI control
[5] and OLCC [20] are also simulated respectively, and the
results are shown in Fig. 14, in which the reference currents
are calculated by the PMSM model. As shown in Fig. 14(a),
the tracking errors of the L filter-based EME with PI control
are as high as nearly 4 A and 0.8 A at machine start-up and
high speed, respectively, which are much higher than those
(0.76 A and 0.3 A) of the proposed EME. This is due to the
distortion of high-frequency dynamic performance caused by
the LPF effect of PI control. Besides, the tracking errors of the
proposed EME are restricted to less than 0.2 A at low speed,
which are still lower owing to the aforementioned control
conflicts of the L filter-based EME.

As shown in Fig. 14(b), the tracking errors of the L
filter-based EME with OLCC are apparently lower than that
with PI control at machine start-up, since the OLCC can avoid
control conflicts and greatly improve dynamic performance.
However, the actual currents deviate significantly from the
reference currents at both high and low speeds because the
open-loop control cannot take into account the nonlinear-
ities of the inverter, such as dead time and voltage drop.
In fact, the tracking errors in this case are compensated by
closed-loop current control of the MDU, so the actual cur-
rents can still match those of the target PMSM. Nevertheless,
increased control requirements may result in the performance
of the MDU not being convincingly verified. As shown in
Fig. 14(c), both the steady-state and dynamic performance of
the proposed EME are far superior to the other two cases,
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indicating that the proposed EME can reach a more accurate
and reliable emulation. Furthermore, the target PMSM drive
system where the actual motor rather than the EME is driven
by the MDU is simulated and the currents are compared with
the ones of the EME, as shown in Fig. 15. Not surprisingly,
compared with the other two cases, the dg-axis current errors
of the proposed EME are reduced by roughly half in most
moments, which clearly gives stronger evidence that the pro-
posed EME can achieve best emulating accuracy.

The comparison of the DDPCC with and without UIOs
under parameter mismatch (Ry = 1.6Ry reqi and L,, = L, =
0.6Ly,reai = 0.6L, reqr) is carried out to verify the robust-
ness. The reference disturbance currents and voltages are
calculated by (49) and (50) presented in Appendix, respec-
tively. As shown in Fig. 16, the d- and g-axis currents of
the EME without UIOs certainly deviate from the references,
while the disturbance currents and voltages can be exactly
estimated by UIOs and compensated for modeling errors to
maintain an accurate emulation. As expected, it can be found
that the tracking errors caused by parameter mismatch is
much larger at high speed. For this phenomenon, according
to (49) and (50), the cross-coupling effect between d-axis and
g-axis is enhanced at high speed, which amplifies the model
errors caused by the inductance mismatch. Also, due to the
high-frequency filtering effect of the capacitor branch, the
current i;,g — ieq flowing through this branch increases at high
speed, resulting in a remarkable increase in tracking errors
caused by the resistance mismatch. Therefore, the distur-
bance compensation is necessary for the emulation of high-
speed motors. Moreover, since the mismatches of L,, and L,
are set to be the same in this case and the forms of the UICO
and UIVO are similar, the curve shapes of the disturbance
currents and voltages are semblable accordingly, as shown in
Fig. 16(c). To further verify the performance of the proposed
UIOs, the dg-axis currents and estimated voltages and cur-
rents for the EME with UIOs under resistance mismatch and
inductance mismatch are shown in Figs. 17 and 18, respec-
tively. In these two cases, the dg-axis currents can still be evi-
dently kept around the references, and disturbance voltages
and currents are effectively evaluated. Also, it can be found
that the higher-order harmonics of the disturbance voltages
and currents is not able to be estimated due to the limitation
of the system bandwidth, but it is sufficient to ensure an
acceptable system stability and accuracy.

IV. EXPERIMENTAL RESULTS

The performance of the proposed EME is further verified by
the experimental setup shown in Fig. 19(a). The drive inverter
of the MDU is built by IGBT modules and controlled by
a digital signal processor (DSP) TMS320F28335, while the
EC is composed of Silicon Carbide (SiC) modules to reach
a higher switching frequency. Typhoon HIL 602+ device is
chosen as the RTS, where the lookup tables-based PMSM
model is implemented on FPGA with a time step of 1 us,
while the proposed ICA is realized on ARM Cortex A9 with
a time step of 20 us. The parameters of the target PMSM and
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FIGURE 15. Simulation results of the current tracking error between the

PMSM and EME with different IFs and ICAs.

EME test benches are listed in Table 2. The experiments are
conducted under several transient conditions such as machine
start-up, torque step change, and speed reversal. The results
of the target PMSM test bench shown in Fig. 19(b) and
the EME with the same topology but with abc frame-based
model predictive control (MPC) [23] are also obtained for
comparison. To fully validate the proposed EME, the FOC
with speed control command is applied to the MDU.

The performance of the proposed EME without parameter
mismatch is first verified. The current and speed responses
of the actual PMSM, the EME with abc frame-based MPC,
and the proposed EME under machine start-up are shown
in Fig. 20. The operating speed is first set at 50 r/min, and
then accelerated to 1200 r/min (i.e., w, = 80 Hz) in 2 s.
Meanwhile, the load torque is kept at 2 N-m. As can be
seen, both the EMEs based on MPC and DDPCC can exactly
emulate the fundamental current characteristics of the actual
PMSM, and the corresponding speed errors can be controlled
below 1% when the speed is greater than 400 r/min. However,
the harmonic contents in the current of the EME based on
MPC are much larger at low speed and low load, which leads
to substantially increased higher-order current error (up to
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1.8 A) and speed tracking errors (up to 6 r/min). This is partly
due to the fact that the MPC based on abc frame is sensitive to
phase current noise, which is sharply amplified for small cur-
rents. On the other hand, the time delay present in the system
inevitably deteriorates the robustness. Whereas, the dg frame-
based DDPCC with delay compensation thoroughly conquers
these defects, thus achieving a more accurate emulation with
reduced current error (less than 1 A) and speed error (less than
3 r/min).

The comparison of the current responses under torque step
increase is presented in Fig. 21 to further verify the transient
and steady-state performance, where the load torque steps
from 1 N-m to 6 N-m in 20 ms and the operating speed
is kept at 2500 r/min (i.e., w, = 166.7 Hz). As expected,
the proposed EME can maintain a reliable and satisfactory
emulation of the target motor at a higher operating speed,
and the errors of phase currents are bound to less than 0.5 A
in both transient and steady state. Furthermore, the phase
currents of the MPC-based EME are clearly distorted relative
to the target motor at both low and high loads. Actually,
as the sampling time is constant, the increased speed leads to
larger prediction errors in phase currents for abc frame-based
MPC. As a result, the emulated currents exhibit pronounced
time-varying ac errors, which is particularly noticeable at
high load, as shown in Fig. 21(d). In contrast, the much
lower current errors and more matched waveforms of the
proposed EME provide a direct proof for its high band-
width and high precision. Fig. 22 shows the transient current
responses under torque step drop to further verify the dynamic
performance of the proposed EME, where the load torque
steps from 8 N-m to 4 N-m in 10 ms and the operating speed
is kept at 2000 r/min (i.e., w, = 133.3 Hz). Evidently, the
current error of the proposed EME can be effectively limited
to below 1 A throughout the entire transient process, which
is halved compared to that (up to 2.1 A) of the MPC-based
EME. Hence, the degraded waveform quality and increased
emulating error explicitly confirm the previous analysis.

Moreover, the speed reversal experiment is carried out, and
the results are shown in Fig. 23, in which the load torque
is kept at 5 N-m and the operating speed is reversed from
600 r/min to —600 r/min (i.e., w, from 40 Hz to —40 Hz)
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in 2 s. In this case, although the steady-state performance of
the MPC-based EME is improved owing to the reduction in
the proportion of noise as the current amplitude increases, the
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FIGURE 19. Experimental setups of (a) the proposed EME test bench and
(b) target PMSM test bench.

significant current errors (up to 2.4 A) are produced during
motor commutation due to the sharp changes in the amplitude
and phase of the phase current, which results in an increased
speed error (up to 6 r/min). Conversely, the current and speed
responses of the proposed EME still closely match those of
the actual PMSM, and its maximum speed error is below
4 1/min in transient state and less than 0.5% in steady state,
proving that the proposed EME can reach an accurate emula-
tion over a wide operating point.

The robustness of the proposed EME is then verified under
parameter mismatch. The results of resistance mismatch,
inductance mismatch, and both resistance and inductance
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FIGURE 21. Experimental results of the current response under torque step increase at 2500 r/min. (a) The actual PMSM (Scale: 5 A/div). (b) The
EME with abc frame-based MPC (Scale: 5 A/div). (c) The proposed EME with DDPCC (Scale: 5 A/div). (d) Comparison of the tracking errors in the

phase current when load torque is 1 N-m (Top) and 6 N-m (Bottom).
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FIGURE 22. Experimental results of the current response under torque step drop at 2000 r/min. (a) The actual PMSM (Scale: 5 A/div). (b) The EME
with abc frame-based MPC (Scale: 5 A/div). (c) The proposed EME with DDPCC (Scale: 5 A/div). (d) Comparison of the tracking errors in the phase

current during the transient process.

mismatch are shown in Figs. 24, 25, and 26, respectively.
The load torque steps from 3 N-m to 8 N-m at 0.3 s and the
operating speed decreases from 1000 r/min to 600 r/min in
0.5 s at 0.8 s. Also, the tracking errors of the dg-axis currents
in these cases at 1000 r/min and the load torque of 8 N-m is
presented in Fig. 27. Under resistance mismatch, compared
with the EME without UIOs, the maximum current error of

82592

the EME with UlOs is reduced from 1.6 A to 0.5 A as shown
in Fig. 26(a) and (b), preliminary verifying the feasibility of
disturbance compensation. Meanwhile, as shown in Fig. 24,
the tracking errors of the EME without UIOs at high speed
are much larger, which is because the increased current 7,5 —
i.q promotes the modeling errors caused by the resistance
mismatch according to (49) and (50).
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FIGURE 24. Experimental results of the comparison under Ry = 2R"] eal
Current response (a) without and (b) with UlOs. (c) Estimated disturbance
currents of the UICO. (d) Estimated disturbance voltages of the UIVO.
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FIGURE 25. Experimental results of the comparison under L,;; = 2L} eal
and Le = 2L eal  current response (a) without and (b) with UlOs.

(o) Estlmated disturbance currents of the UICO. (d) Estimated disturbance
voltages of the UIVO.
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d errors and phase
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FIGURE 26. Experimental results of the comparison under Ry = 1 GR’“’
and Ly = Le = 0. 6L"e"’ =0. 6L’e"’ Current response (a) without and
(b) with UIOs. (c) Estlmated dlsturbance currents of the UICO.
(d) Estimated disturbance voltages of the UIVO.

As can be seen from Fig. 25, disturbance currents and
voltages under inductance mismatch are not only affected
by the load torque but also by the operating speed, which
is determined by the terms wei, and w,i.. In this case, the
presence of UIOs is still able to lower the maximum tracking
error from 1.3 A to 0.4 A. Further, since the disturbances
generated by resistance mismatch and inductance mismatch
are coupled to each other according to (49) and (50), it can
be found that the addition of the inductance mismatch results
in an evidently increased g-axis current deviation even with
a smaller resistance mismatch by comparing Fig. 26 with
Fig. 24. Again, the UIOs contributes to a remarkable reduc-
tion in tracking errors by approximately 78% (i.e., from
3.2 A to 0.7 A), which strongly proves the effectiveness of
the UIOs.
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V. CONCLUSION

In this paper, an EME based on LCL filter is presented to
validate the performance of the MDU. A high-bandwidth
DDPCC is proposed as the ICA in dg frame, which avoids
control conflicts and greatly improves dynamic performance.
The system stability and robustness are then analyzed in
detail, and the UICO and UIVO are designed to suppress
the disturbance currents and voltages caused by modeling
errors. Furthermore, a theoretical method is presented for
filter design, in which the harmonic suppression, bandwidth,
stability, and resonance are all considered to reach an accurate
and stable operation. To validate the proposed EME, several
transient operating conditions are dedicatedly designed, and
both the torque control mode and the speed control mode
are adopted by the MDU. The comparisons between the pro-
posed EME and earlier studies are carried out systematically.
Simulation and experimental results show that the proposed
EME can achieve fast, accurate and reliable emulation for
the actual machine over a wide operating point under steady-
state, transient and parameter mismatch conditions.

APPENDIX
According to (2) and (35), the actual disturbance currents can
be expressed as

sof 1 | ARpimg + ALy — 0, ALying

L, = —
4" Ry —ARg(img — iea)
di, (49)
l.ref . i ARmimq + ALmd_y;lq + e ALnima
la- ™ Ry —ARy(img — ieq)

where ARy, = R — R,,, AL, = L*" — L,,, and AR; =
R:fal —Ry.
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Similarly, the actual disturbance voltages is derived as

: di
i = AR + AL

—ARg(icd — ima)
di
U = AReiog + ALe— + wALeieg
_ARd (ieq - imq)

where AR, = R®* — R, and AL, = L/** — L,.

— WeALgigg

(50)
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