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Abstract— LCfiltered permanent magnet synchronous motor
(LC-PMSM) system is suitable for long-cable drives but it
has inherent resonant stability issues. This article presents a
modulated model predictive current controller with active damp-
ing (AD-M?PCC) for stabilizing the LC-PMSM drive system.
First, to avoid the complex exponentiation operations in typical
model predictive current control (MPCC), a simplified reduced-
order predictive model is constructed and a baseline MPCC
is derived based on inverter-side current reference tracking,
reducing the computational burden and enhancing the robustness
to the model mismatches. Then, a capacitor-current-feedback
active damping (AD) is integrated into MPCC for resonance
suppression. It has an intuitive damping concept and only
one design parameter, significantly lessening the tuning effort.
Further, a low-complexity AD-M?PCC scheme is established,
which features simple implementation, improved steady-state
performance and effective resonance damping. Comparative
experimental results are provided to verify the feasibility of the
proposed control scheme.

Index Terms— LC filter, model predictive control (MPC),
permanent magnet synchronous motor (PMSM), resonance
suppression.

I. INTRODUCTION

ERMANENT magnet synchronous motor (PMSM) drive

system has attracted widespread attention in industrial
sectors in recent years due to its advantages of small size,
high power density, and high reliability [1], [2]. Especially in
areas of oilfield drilling and mining fields, PMSMs are often
placed far away from the voltage—source inverters (VSIs),
and the two are connected by long power cables. During
the long cable transmission process, the high dv/dt¢ values
of VSIs may lead to issues of reflected overvoltages and
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electromagnetic interference. This is particularly noteworthy
as the use of wide bandgap semiconductor devices (e.g.,
silicon carbide and gallium nitride) becomes increasingly
widespread [3], [4], [5]. In this context, the overlong power
cable will cause severe motor overvoltage, bearing damage,
and insulation aging problems [6]. An effective solution is to
install an LC filter on the output side of the VSI, forming an
LC-filtered PMSM (LC-PMSM) drive system [7], [8], [9].
Then, the voltage and current applied to PMSMs are almost
the sinusoidal waveforms, which is beneficial for extending the
motors’ lifespan. Nevertheless, the output LC filter and the
stator inductance of PMSM will form a third-order LCL-
filter structure, which not only increases the system complexity
but also induces resonance issues. Consequently, the operation
stability of the LC-PMSM system will be degraded. To this
end, exploring a high-performance current control strategy
with a simple structure and high stability for the LC-PMSM
system is a key issue to be solved.

Various approaches for solving the resonance issues of the
LC-PMSM system have been proposed. In [10] and [11],
a cascaded proportional-integral (PI) control scheme is pro-
posed to handle the resonance induced by the LC filter.
However, multiple design parameters are introduced in this
control method, and the tuning effort is large and hard to
adapt to various working conditions. In addition, the dynamic
response of the system deteriorates due to the bandwidth
limitations of outer control loops [12]. To simplify the control
implementation, a passive damping method is proposed by
adding a physical resistor in parallel or series with the LC
filter, but it may increase the power loss [13]. To avoid
affecting the system’s efficiency, the active-damping (AD)
method provides a good alternative solution. In [14], an AD
method with capacitor-voltage feedback is proposed to sup-
press the resonance of the induction motor with an LC filter by
serially connecting a virtual resistor to the filter capacitance.
Similarly, a virtual resistor is placed in parallel with the
capacitor to realize the AD [15], [16]. In [17], a feedforward
method is proposed to enhance the stability of the LC-filtered
induction motor. It is realized by adding an inverter-voltage
feedforward term to the stator current reference. In [18],
a variable delay time control technique is proposed to solve
the resonance issues without using an extra damping term.
Nevertheless, the above control approaches are designed based
on the conventional PI control framework, resulting in tedious
parameter-tuning work and unsatisfied dynamic response.
Moreover, multiple PI parameters are coupled with each other,
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which means if they are not properly set, the system stability
cannot be guaranteed.

Recently, model predictive control (MPC) strategies are
considered to be effective solutions for achieving high-
performance control of PMSM drives. It has the advantages of
simple structure, inherent decoupling capability, and multiple-
objective optimization [19], [20], [21], [22]. The fundamental
principle of MPC is utilizing the discrete model of the system
to evaluate a predesigned cost function. The optimal control
input for predicting future states is then obtained and applied
to VSI [23], [24], [25]. Generally, MPC can be classified
as finite-set MPC and modulated MPC schemes, which have
been widely applied to conventional PMSM drives. Typical
finite-set MPC applies a single voltage vector during a control
period. Since no modulator is employed, it may cause an
unsatisfactory steady-state response. Till now, the application
of finite-set MPC to LC-filtered motor drives has been prelim-
inarily explored. In [26], a finite-set model predictive current
control (MPCC) is proposed for medium-voltage drives with
an LC filter. This method mainly focuses on the stator-current-
tracking control objective, but the suppression of the system
resonance is not considered. In [27], a three-objective finite-
set MPCC is proposed, which can mitigate the resonance
problem to some degree. However, it has a non-negligible
computational burden and multiple weighting factors to be
designed. Tuning them to ensure an optimal balance between
different control objectives is challenging due to the lack of
analytical design. In [28], a long-prediction-horizon MPCC
is proposed, enhancing the system’s steady-state performance
but with a significant computational amount. Nonetheless, the
above MPCC methods will inherit the deficiencies of finite-
set MPC, such as large steady-state ripples, variable switching
frequencies, and wide distributions of harmonic spectrum [29].
These issues may not only hinder the design of the LC filter
but also trigger unknown resonance dynamics.

To tackle the weaknesses of finite-set MPC, various
modulated/multivector MPC schemes have been proposed.
Modulated MPC methods perform multiple voltage vectors
with optimally calculated duty cycles over a control period,
which can improve steady-state performance. In [30], a dual-
vector modulated MPC scheme is proposed for induction
motor drives. Two voltage vectors with optimal duty cycles
are applied per control period, reducing the output current
ripples. Similarly, two dual-vector MPC schemes with differ-
ent duty-cycle calculation ways are presented and compared
in [31]. Although dual-vector MPC can enhance steady-state
performance compared to finite-set MPC, the amplitude and
angle of the synthesized vector are limited and the control
degree of freedom is not maximized, making it difficult to
achieve optimal performance. In this context, the three-vector
modulated MPC scheme is proposed and widely applied in
PMSM drives [32], [33]. This method performs three volt-
age vectors during a control period, thus achieving optimal
steady-state performance and a fixed switching frequency.
In [34], a three-vector MPCC is proposed, which is realized
by introducing virtual vectors to expand the vector control set.
Its steady-state performance is improved, while the compu-
tational burden is also increased. In [35], a low-complexity
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three-vector MPC is proposed for PMSM drives based on
an offline table. In [36] and [37], a modified three-vector
MPC considering the overmodulation is proposed. By opti-
mizing the duty-cycle time, the over-modulation capability is
enhanced and the current harmonics are reduced. Nonetheless,
the modulated MPC schemes above are designed solely for
stator-current control of first-order PMSM systems. To the
best of our knowledge, no reference has reported this con-
trol strategy for third-order LC-PMSM drives. One reason
is that the adoption of an LC filter makes it difficult to
calculate the duty cycle. Moreover, the resonances arising
from the LC-PMSM system cannot be directly handled by
the existing stator-current-based MPC framework. As a result,
direct implementation of existing modulated MPC to LC-
PMSM becomes challenging, and exploring a modulated MPC
framework that is simple to implement and easy to integrate
resonance damping is of both practical and scientific interest.

To this end, this article presents an AD-based modulated
MPCC scheme for stabilizing the LC-PMSM system. The
main contributions are summarized below.

1) A simplified reduced-order predictive model is estab-
lished and the inverter-side current tracking-based
baseline MPCC is derived, which can reduce the control
order and computational burden compared to typical
MPCC.

2) A capacitor-current-feedback AD technique is further
integrated into the baseline MPCC, which can provide an
intuitive AD concept, sufficient resonance suppression,
and reduced tuning effort compared to typical MPCC.

3) A modulated AD-MPCC (AD-M?PCC) framework suit-
able for the LC-PMSM system is proposed, featuring
low complexity, satisfactory steady-state performance,
and strong robustness to parameter mismatches. More-
over, this framework has strong universality, making it
possible to extend existing multivector MPCC to the
LC-PMSM system.

The remainder of this article is arranged below. Section II
introduces the description of the LC-PMSM drives, including
system modeling and the effects of the LC filter. The basics
of a typical MPCC scheme are introduced in Section III.
Section IV elaborates on the principle of the proposed
AD-M?PCC scheme. Section V presents the parameter design
criteria. Section VI gives the experimental results, and the
conclusion is summarized in Section VII.

II. DESCRIPTION OF LC-PMSM SYSTEM
A. System Configuration and Modeling

The basic configuration of a VSI-fed LC-PMSM drive
system is depicted in Fig. 1, where a two-level three-phase VSI
with an output LC filter is connected with a surface-mounted
PMSM. In Fig. 1, Vg4 is the dc-link voltage. S| to Sg are
bridge-arm switches of VSI. L; and Cy are filter inductance
and capacitance. v;, iy, Vs, and i; denote the inverter voltage,
inverter-side current, per-phase filter capacitor voltage, and
stator current, respectively. w,, is mechanical angular velocity
of PMSM.

Accordingly, the continuous-time state-space model of the
LC-PMSM system in dg-axis rotating coordinate frame is
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Fig. 1. Basic configuration of a VSI-fed LC-PMSM drive system.

established as follows:

x=Ax+Bv; +D (1)
the variable matrix X =
[ifg ifg Vsa Vsq isa isq] , the inverter voltage or

. . T
system control input matrix v; = [vig vVigq] , and the system
matrices are described as
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Rs, Ly, and v, are stator resistance, stator inductance, and
rotor flux. w, is electromagnetic angular velocity of surfaced-
mounted PMSM.

B. Effects of LC Filter on PMSM Drives

The LC-PMSM system has some differences compared
to the typical PMSM system without an LC filter. The effects
of the LC filter on PMSM drives have been investigated in [8],
[10], and [9], which confirms that the LC-PMSM system has
better efficiency, lower voltage stress, and leakage current.
Here, we analyze the impacts of the LC filter on PMSM drives
from the viewpoint of the frequency domain.

For typical PMSM drives without LC filter, the system
open-loop transfer function in dg-axis complex form can be
expressed as

isdq (S) _ 1

G = =
L(S) Vidq(s) Lss + Rs

2
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Fig. 2. dg-axis equivalent circuit of the LC-PMSM system. (a) d-axis.
(b) g-axis.
TABLE I
NOMINAL PARAMETERS OF AN LC-PMSM SYSTEM

Constants Symbols Values

Rated Power Pn 300 W

DC-link voltage Ve 150 V

Filter inductance Ly 2 mH

Filter capacitance Cy 10 uF

Stator inductance Lg 2.35 mH

Stator resistance Rs 0.4 Q

Rotor flux linkage Py 0.153 Wb

Number of pole pairs p 4

Rated rotor speed no, fo 1000 rpm, 66.67 Hz

where the state variables with subscript dg denote the complex
Vector, i.e., Xgg = Xq + jXq.

In contrast, for the LC-PMSM system, neglecting the
dg-axis cross-coupling term, the dg-axis equivalent circuit of
the system can be obtained, which is shown in Fig. 2. It can be
seen that an L C L-filter structure is formed by the LC filter and
the stator inductance. Correspondingly, the open-loop transfer
function of the LC-PMSM system can be derived as

i5q4(5)
Gre(s) = X
Vidg(s)
B 1
 CyLyL;s3+ CyrLyRys>+ (Ly+ Ly)s + R,

3)

By comparing (2) and (3), it is easy to deduce that the
LC-PMSM becomes a third-order system compared to the
typical first-order PMSM system. Moreover, the bode plots of
G (s) and G (s) are depicted in Fig. 3 using the parameters
listed in Table 1. As is shown, the adoption of an LC filter
will somewhat degrade the dynamic performance of typical
PMSM drives. When different filter inductance is used, the
0-dB gain crossover frequency of Gpc(s) will be decreased
with the increase of Ly, while the phase margin does not
change so much. Hence, the dynamic response of LC-PMSM
will be slower than that of a typical PMSM system. Mean-
while, deploying different filter capacitance C s does not affect
the low and mediate frequency characteristics of LC-PMSM.
Moreover, it can be observed that the LC-PMSM system has
better high-frequency harmonic attenuation but may induce a
resonance peak under certain LC-filter parameters, which will
cause the system’s instability. The resulting resonant frequency
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Fig. 3.  Bode plots of Gr(s) (PMSM w/o LC filter) and Gc(s) under
different LC-filter parameters. (a) Ly = 1, 2, and 3 mH, Cy = 10 uF
(b) Cy =5, 10, and 20 uF, Ly =2 mH.

of the system can be calculated as follows:

_L Ly+ Ly (4)
B 2 CfoLS.

Therefore, it is urgent to design a high-performance cur-
rent controller, enabling simple implementation and sufficient
resonance-suppression capability.

fres

III. BAsics OoF TypicAL MPCC FOR LC-PMSM

The fundamental control framework for the LC-PMSM
system is stator-current tracking vector control. The outer
control loop is usually a speed controller, which provides the
reference for the inner-loop g-axis stator current. Meanwhile,
the d-axis stator current is controlled to be O for surface-
mounted PMSM. Till now, the state-of-the-art MPCC is a
three-objective MPCC scheme proposed in [27]. It has three
control objectives including stator-current, capacitor-voltage,
and inductor-current reference tracking, which is designed
based on a finite control set, as given below.

A. Three-Objective Cost Function

As explained in [27], the stator current, capacitor voltage,
and inductor current are simultaneously controlled to suppress
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the resonance. As a result, a three-objective cost function is
designed as follows:

8con = 81 + Wy&2 + Wi g3
T
=[xkt — X*] W[xeps — x*] )]
where the three control objectives g, g2, and g3 are

. . 2 . . 2
g1 = (i3 — sa k)" + (5, — isght1)
2 2
g2 = (V5 — Vsa+1)” + (U5, — VUsgkt1)
. . 2 . . 2
gy = (g —ifart1)” + () —ipgu+1)”
The staFe rc?ference VCCtOI'. X* = U?’q i_’;-q vy, v;‘q iy ijq]T.
The weighting factor matrix W = diag(w;, w;, w,, wy, 1, 1).

B. Full-Order Predictive Model

Since all the six state variables are controlled in the cost
function g.on, the full-order discrete predictive model should
be constructed based on system model (1). To establish
the relationships between six predictive values and control
input, the third-order Taylor series expansion approximation
is employed to compute the discrete system matrices as

3 AiTi

Adox6 X Z Ai!Ts (6)
i=0
3 AT 3 AT

Bigor ™ D T B Diga~ > T D O

i=1 i=1

where T is the sampling period.
Then, the full-order predictive model of typical MPCC can
be derived based on (6) and (7) as

X1 = Agxg + Bgvi i + Dy ®)

where subscript k and k + 1 represent k7, and (k 4 1)7; time
instant.

C. Computation Delay Compensation

In actual digital implementations, since the controller
requires time to sample and execute the algorithm, the optimal
control vector would be acted at the next 7, resulting in a
one-step computation delay [22], [27]. This inherent delay will
deteriorate the steady-state performance or even cause system
instability. To compensate for this delay, a commonly used
method is one-step forward prediction or observation, which
is realized by using the (k 4 2)th step values in the predictive
model, i.e.,

X2 = AgXpr1 + ByVigsr + Dy &)

where X;4 is calculated by applying the optimal control vector
at the previous time step. v;jy; is the dg-axis candidate
voltage vectors to be evaluated, which are obtained from
Table II by the following Park transformation:

Vik+1 = CparkVap,i (10)

where Cpax = [ %7, 0] is the Park transformation matrix.

6 is the rotor electrical angle of PMSM. vog; = [vg, v,g,,']T
with v,; and vg; being «op-axis component of candidate
voltage vectors in Table II.
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TABLE II
CANDIDATE VOLTAGE VECTORS AND SWITCHING STATES OF A VSI

Switching states .S; Basic voltage vector v ;

S1 S3 Ss Va,i VB,i
0 [0 0 0] 0 0
1 [1 0 0] 2V4e/3 0
2 [1 1 0] Vie/3 V3Vac/3
3 [o 1 0] —Viae/3 V3Vye/3
4 [0 1 1] —2V4e/3 0
5 [0 0 1] ~Viae/3 —V/3V4./3
6 [1 0 1] Vae/3 —V/3Vy/3
7 [1 1 1] 0 0
i 1‘ l Rolling opt. ‘ ‘ Candidate vectors 1
" N\
~ Optimal
I e vector
Vi applied
KT, (k+1)T, kDT, 1

Fig. 4. Rolling optimization principle of typical MPCC.

D. Optimal Vector Selection and Implementation

Replacing X4 in (5) with X;4 in (9), the cost function gcon
can be evaluated online by enumerating eight candidate volt-
age vectors of VSI. To reduce the computational burden in
digital implementations, the cost function (5) can be simplified
using the optimal voltage-reference tracking

geon = [Viar1 = V] [Visss = v]] (11)
where v} is obtained by setting the gradient of (5) concerning
Vi i to zero as

vi = (B,”"WB,) B,/ W[x' — Axt1 =Dy (12)

The rolling-optimization principle of typical MPCC is
depicted in Fig. 4. By enumerating eight candidate voltage
vectors of the VSI, the optimal voltage vector that can
minimize (11) is selected and the corresponding six optimal
switching states are directly applied to the VSI.

It should be mentioned that typical MPCC employs a
six-order predictive model with third-order Taylor series
expansion approximation, the matrix operations from (6)—(12)
will lead to a considerable computational burden and high sen-
sitivity to model parameter mismatches. Moreover, although
this method includes three control objectives, it is essentially
a finite-set MPC, which leads to unsatisfactory steady-state
performance and unfixed switching frequency. The aforemen-
tioned shortcomings cannot ensure high control accuracy and

are not friendly to the LC filter’s design, somewhat hindering
the engineering applications of typical MPCC.
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IV. PROPOSED AD-MZ2PCC FOR LC-PMSM

To solve the aforementioned issues, an AD-M?PCC scheme
is proposed for stabilizing the LC-PMSM system, which is
elaborated below.

A. Simplified Reduced-Order Predictive Model

It is noted from the predictive model of typical MPCC
in (8) that Ay, B;, and D, contain a time-varying parame-
ter w,, which means they must be updated at each 7 online.
Moreover, the matrix A is six order and its exponentiation
operations should be performed multiple times, significantly
increasing the computational burden. To tackle this problem,
a simplified inverter-side current predictive model with a
reduced order is established.

Following the power flow in Fig. 2, it can be seen that
the inverter-side current is directly controlled by the inverter
voltage. Hence, the inverter-side current predictive model can
be formulated by the first-order Taylor series expansion, i.e.,
the forward Euler discretization as

ifisr = Apipr +By(Vik — Vox) (13)

where the coefficient matrices A,y = [,wa” T“'ul)e‘k], and
T,/L; 0 . . ; .
By = [ o T.;/Lfil' ik = ligax irqsl” and ifepr =

lifakst irgur1]”
Further, taking delay compensation into account, the sim-

plified predictive model is rewritten as

i =Agisp +Br(Viger — Votr1) (14)

where iz is obtained by applying the optimal voltage vector
at the previous T to (13).

Note that v, 441 should also be predicted in (14). Still based
on the Euler discretization, the (k 4 1)th step filter capacitor
voltage is predicted as

Vorrl = AV +By(ipr —is) (15)

_ 1 Ts e _ | /ey 0 _
where A, = [_wa()_k | ] B, = [ 0o 1/c, | Vsk =

[vsd,k Usq,k]T and Vo k+1 = [Usd,k-‘rl Usq,k-H] .

By comparing (14) with the typical predictive model
from (6)—(9), it can be concluded that the proposed simpli-
fied predictive model is essentially a reduced-order predictive
model, which avoids multiple online exponentiation operations
of the sixth-order matrices. Hence, it can significantly reduce
the computational burden.

B. Cost Function and Baseline MPCC Design

Normally, the control target of the inner current loop is
the stator-current reference tracking. To simplify the control
complexity, an inverter-side current reference tracking control
is established, which can indirectly realize the vector control of
the PMSM. Due to the existence of the filter capacitor branch,
the motor-side stator current is not equal to the inverter-side
current. Hence, it is necessary to first calculate the inverter-side
current reference.

Utilizing the steady-state equilibrium point of the dynamic

model in (1), and setting iyy = i}, iyq = i;‘q, and x = 0,
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the dg-axis inverter-side current references iy, and i}, can be
derived as

[ ity = ity — 0k Cr(Ryif, + wes Lyily + woxry)

. . . . (16)
ity =iy, +@1Cy (Rsl;kd - we,kles*q)

where i, equals to 0, and i, is calculated from the outer
speed control loop.

Then, the cost function for tracking the inverter-side current
reference is constructed below

J =iy =i

= (i%y —ians2)” + (g = iggus2) (17)

where i, = [i;, i,,]" is inverter-side current reference
matrix obtained from (16).

From (17), the predictive model if;y, still requires to
repeatedly execute to minimize J. To avoid the repeated
computation of the predictive model and considering the
convenience of AD integration, a baseline MPCC is designed
based on voltage-reference tracking. Using the deadbeat prin-
ciple, it is assumed that the inverter-side current can track its
reference over two sampling periods. Thus, setting 1} =ifi4
in (17) yields the inverter voltage reference v} as

vi= BJI' (1’} —Agippir) + Voksr- (18)

Hence, v; forms the proposed baseline MPCC con-
troller, which can be implemented using different predictive
architectures, either finite-set MPCC or modulated ones.
In Section IV-D, a modulated MPCC scheme is con-
structed to obtain good resonance suppression and steady-state
performance, which will be elaborated on later.

C. Active-Damping Integration

Note that the baseline MPCC designed in (18) does not
consider resonance suppression. To handle the resonance prob-
lem of the LC-PMSM system, an AD technique is further
integrated into the baseline MPCC, which is implemented by
adding a virtual resistor in parallel with the filter capacitor,
as explained below.

1) Resonance-Damping Mechanism: The schematic of res-
onance damping for LC-PMSM using a resistor in parallel
with the filter capacitor is depicted in Fig. 5. To facilitate
the resonance-damping analysis, the dg-axis is assumed to be
decoupled and R; is neglected since it is very small. Taking the
g-axis equivalent circuit as an example, the transfer function
from inverter voltage to stator current is derived as

isq (s)

Gaa(s) = Vi (5)
iq

1
= .19
CyLyLys®+ (LyLy/Ry)s>+(Ly + Ly)s (1)
D

damping term

It can observed from (19) that compared to the original
system without a paralleled resistor (i.e., R, = 00), the inclu-
sion of R, introduces a damping term (i.e., s>-related term)
to the denominator. Hence, it can provide certain resonance-
suppression capability. Moreover, the bode plots of G;(s) with
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Fig. 5. Schematic of resonance damping for LC-PMSM using a resistor in
parallel with Cr. (a) d-axis. (b) g-axis.

Bode Diagram

200F
2 100}
<
2 of
5
<
S 100}
200
290
% -135)
)
9 -180}
k=
& 05t
2270 5 . = . -
10 10' 10 10° 10 10°

Frequency (Hz)

Fig. 6.
R, = 00).

Bode plots of Gaq(s) with R, = 11 and without damping (i.e.,

R, = 11 and R, = oo (i.e., without damping) are compared
in Fig. 6 based on the system parameters in Table I. Same
conclusions can be drawn that deploying an appropriate R,
in parallel with the filter capacitor can effectively damp the
system resonance peak.

2) Active-Damping Embedded Into MPCC: To avoid the
power loss of a physical resistor in Fig. 5, a virtual R,
is employed to emulate the damping effect of a real one.
The equivalent block diagram of the AD scheme applicable
for MPCC in a complex-vector form is shown in Fig. 7.
In Fig. 7(a), a virtual resistor R, is added in parallel with
the filter capacitor to provide resonance damping, where m,
is the modulation ratio, T; is the system delay, and ey, is
the disturbance term related to PMSM’s back electromotive
force. Through certain equivalent transformations, Fig. 7(b)
forms the adopted AD technique for digital implementation.
It indicates that by introducing capacitor-current feedback with
a damping factor to the baseline MPCC, a virtual resistor R,
in parallel with the filter capacitor C; can be simulated.
Correspondingly, the inverter voltage reference or control input
command of AD-based MPCC can be derived by modifying
the v} in (18) as

vi =B — Agigei) + Virr — icx (20)

CrR,
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Fig. 7. Complex-vector-form AD scheme for the proposed MPCC. (a) Virtual
resistor in parallel with Cz. (b) Equivalent capacitor-current-feedback AD for
actual implementation.

/A

Fig. 8. Diagram of sectors and basic voltage vectors of a VSI.

where the filter capacitor current i.; = izx — s, which
can either be measured or estimated [12]. (L;/CfR,) is
the damping factor with R, being the virtual resistor to be
designed.

Hence, (20) forms the proposed AD-MPCC framework.
By properly setting the value of R, satisfactory resonance-
suppression capability can be achieved. It is worth mentioning
that the designed AD term is directly added to the inverter
voltage reference, thus it does not hamper the main current
control.

D. Low-Complexity AD-M?>PCC Design

As is known, the discrete nature of typical MPCC leads
to a variable switching frequency, which is not conducive
to the filter’s design. In contrast, modulated MPCC methods
apply multiple voltage vectors during a sampling period, thus
possessing the advantages of lower steady-state current ripples
and fixed switching frequency. Herein, based on the AD-based
MPCC in (20), a low-complexity AD-M?PCC scheme is
designed for the LC-PMSM system.

1) Candidate Vector Selection: Fig. 8 shows the diagram of
sectors and basic voltage vectors of a VSI. The essence of AD-
M?2PCC is selecting two active vectors and one zero vector in
Table II to optimally track the inverter voltage reference in o8
reference frame, ie., Vo5 = CLvi=[v vE]T. Therefore,
the first problem is to determine which three vectors should
be selected as the candidate vectors in each sector. It can
be deduced from Fig. 8 that two active vectors adjacent to
V,p in each sector should be selected as the candidate active
vectors since they can achieve minimized reference tracking
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TABLE III
CANDIDATE ACTIVE VOLTAGE VECTORS IN EACH SECTOR

Sector [ I 1T 111 1AY A% VI
First v g, m, m = 1 3 3 5 5 1
Second vog,n,n = 2 2 4 4 6 6

Position of v7 5, 8 € [0, 3) [F, &) [3F,m [m, 4F) [4F, 3F) [5F,2n)

errors. For example, if vzﬁ is located in sector I, the reference
tracking error of each vector is determined by the length of the
dotted line in Fig. 8. That is to say, Vg1 and vqg 2 should be
chosen as the two active vectors. Based on this principle, the
mapping relationship between the sector / and its candidate
active vectors (Vog,m, Vag,n) 18 listed in Table III. Regarding
the third zero-voltage vector, it is normally selected based on
the switching-transition minimization, which will be discussed
later.

2) Optimal Duty Cycle Calculation: The optimal duty cycle
determines the action time of each candidate vector to min-
imize the current tracking error. Note that the cost function
in (17) has already defined the inverter-side current tracking
error in a squared-quadratic-norm form. However, it requires
multiple predictions of ifr1> when applying three vectors,
somewhat increasing the computational amount. To simplify
the implementation complexity, the inverter-side current track-
ing error is first transformed into the inverter voltage tracking
error as follows:

Ji = |Vig = Vapi”
= (0% = Vour)” + (v — vgs)”

where i € {m,n, 0} represents the candidate voltage vectors
in Table III.

Then, to facilitate the calculation of the optimal duty
cycle for each candidate vector, a weighted voltage-reference
tracking-error-based cost function is designed as

21

G, = Z d*J; (22)
i€{m,n,0}
in sector /
where J; is obtained by (21), and the sector [ € 1,...,6.

d; represents the duty cycle of each candidate vector, satisfying
0<d; <1and Zie{m,n,@} di = 1.

Then, the optimal duty cycle d; for each candidate vector
can be derived using the Lagrange multipliers to solve the
minimization problem of G;. To be specific, the equality
constraint of the duty cycle is first rewritten as

gy = D, di—1=0.

ie{m,n,0}

(23)
Then, the Lagrangian function can be constructed using G,

and g(d;) as
L(d;, \) = G; + M\g(d;) (24)

where ) represents the Lagrangian multiplier.
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To minimize the Lagrangian function above, the gradients
of L(d;, \) concerning d; and \ should be calculated, which
are expressed as

oL oL
VarLdi, N) = —, ) = QJid; ,g(d)). (2
4 Ldi, N) (8d,- 8)\) (2Jid; + X, g(d).  (25)
Setting V4, AL (d;, A) = 0 yields optimal duty cycle as
A
di=——. 26
37, (26)

Further, substituting (26) into the equality constraint in (23),
both A and the optimal duty cycle d; can be derived as

—% Sut—1=0=a==2( > !

ie{m,n,0} ie{m,n,0}

-1
2. I

ie{m,n,0}

-1

27)

di= ! (28)

3) Optimal Sector Determination: Normally, substituting
(28) into (22) and enumerating six sectors to evaluate the cost
function G;, the optimal sector /., and duty cycles do, op, dm,op»
and d, o, can be determined to generate pulses. Nonetheless,
it should be mentioned that this process still contains six
enumeration computations of G;. Luckily, it can be deduced
from Fig. 8 that the resultant vector of the optimal three vectors
should be located closest to the reference voltage vector v,4.
In other words, the optimal sector is exactly the sector where
V,p is located, which can be directly obtained by the angle
position of v;, as follows:

.

Vs
6 = arctan —=.
o

(29)

Hence, by judging the range of 6 based on Table III, the
optimal sector /,, and the resulting optimal three voltage vec-
tors can be directly identified without G; evaluation processes,
further reducing the implementation complexity.

4) Switching Sequence Generation: Finally, to achieve
satisfactory steady-state performance with a fixed switch-
ing frequency, a symmetrical seven-segment pulse pattern is
adopted to synthesize the optimal three vectors, i.e.,

Sl(,p = {vaﬂ,Oa v(xﬂ,ma Votﬂ,n» Vaﬁ,7» Vaﬁ,m Va/S,m Vaﬁ,O} (30)
—— S S S S —

dy,op dm,op

dm,op
4 2

dO,oP

dn,op
2 2

dn,op dp,op
. 20.0p.

7

where doop, dmop, and d,op are the optimal duty cycle
obtained from (28). S, represents the resulting optimal
switching sequence, which will be applied to VSI.

It is notable from (30) that considering the switching-
transition minimization, the zero-voltage vector should be
selected as vqg 0 at the beginning and end, v,g 7 at the center of
the switching sequence. Finally, a fixed switching frequency
is achieved by this seven-segment switching pattern, which
can facilitate the LC-filter design and improve the steady-state
performance of the system.

The overall block diagram for the digital implementation of
the proposed AD-M?PCC scheme for the LC-PMSM system
is depicted in Fig. 9.
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Fig. 9. Block diagram of the proposed AD-M?PCC.

TABLE IV

COMPARISON BETWEEN PROPOSED AD-M2PCC AND
TypPiCAL MPCC FOR LC-PMSM SYSTEM

Proposed AD-M2?PCC
2, (if and AD)

Comparison Item Typical MPCC [27]

Control objective 3, (is,vs, and iy)

Design parameter 2 weighting factors

More

1 damping factor

Tuning effort Less

Predictive model Complex, full order Simple, reduced order

Computation burden High Low
Modulation stage No Yes
Switching frequency Variable Fixed
Steady-state response General Good
Dynamic response Good Good
Parameter robustness General Good

Explicit AD concept No, implicit Yes, intuitive

E. Comparison With Typical MPCC for LC-PMSM

To clearly show the merits of the proposed method for
the LC-PMSM system, the comparison between the proposed
AD-M?PCC and the state-of-the-art typical MPCC is given
in Table IV. Compared with the proposed method, the more
control objectives in typical MPCC inevitably introduce two
design parameters and a full-order predictive model, which
cause a large computational amount and tuning effort. More-
over, typical MPCC is essentially designed based on a finite
control set, the lack of modulation stage results in variable
switching frequency and moderate steady-state performance
compared to the proposed AD-M?PCC. Besides, it is worth
mentioning that since the predictive model and AD term of
the proposed method do not involve any PMSM parameters,
it has stronger robustness and a more intuitive AD concept
than those of typical MPCC.

V. PARAMETER DESIGN OF THE LC FILTER AND THE
AD-M?PCC CONTROLLER

In this section, the parameter design of the LC filter
and the proposed AD-M?PCC controller are elaborated,
respectively.



3856

A. Design of the LC Filter

In practice, the maximum switching current ripple of the
filter inductor is normally limited within 15%-45% of the rated
current [38]. Thus, the filter inductor L can be determined
according to the maximum peak ripple current Al; as

Vdc

_— 31
= 4V3AIL fow GD

Ly
where Al is set to 43% of the rated current in this article.
Based on the nominal parameters of LC-PMSM in Table I,
the Ly is calculated as 2 mH. For the selection of the filter
capacitor Cy, considering that the capacitor current should
be restricted to 5%—15% of the rated active power [38], the
constraint condition of Cy is given by

y Py

Cr < ——— 32
T = 32 fyV2 G2

where y is the proportion of capacitor current to the rated
current, which is set to 15% in this article and the resulting
capacitance is 10 uF. Py and Vy are the rated power and
voltage.

Additionally, to effectively filter out the switching harmon-
ics and avoid influencing the fundamental component, the
resonant frequency frs generated by the Ly and C designed
above should be lower than half of the switching frequency
and much higher than the fundamental frequency [39], i.e.,
fres should satisfy the following conditions:

10f0 = fres = O‘stw' (33)

It is easy to deduce that the designed resonance frequency
Jfres = 1.53 kHz, which meets the constraints 667 Hz < fis <
2.5 kHz.

B. Design of R, in AD-M?PCC

The proposed AD-M?PCC scheme has only one param-
eter R, to be tuned. Since the inverter-side current can be
considered as a current source during the steady state, hence,
the resonance to be damped occurs only between the filter
capacitor C; and the stator inductor L. The s-domain trans-
fer function between the stator current and the inverter-side
current can be obtained from Fig. 7 as

isdq (S) _ wﬁ

irag(s) 2+ ﬁcfs + w?

(34)

where the undamped natural frequency w, = (1/L,C)"?,

and the virtual resistor R, can be derived as

1 |L
Ry=— |— (35)
28\ Cy
where £ denotes the damping ratio, which is set as 0.707 in
this article to obtain satisfactory AD and settling time. Hence,
the resulting R, is 11.
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Fig. 10.  Experimental setup of an LC-PMSM system for verifying the
proposed AD-M2PCC scheme. (a) Configuration diagram. (b) Laboratory
platform.

VI. EXPERIMENTAL VERIFICATION

A. Testbed Description

It is worth mentioning that few references have reported the
modulated MPCC schemes for three-order LC-PMSM due to
certain applicability issues. To verify the effectiveness of the
proposed control scheme, comparative experiments with typi-
cal MPCC in [27], proposed AD-MPCC framework (20) with
dual-vector modulation in [31] (i.e., dual-vector AD-MPCC),
proposed AD-MPCC framework (20) with three-vector mod-
ulation in [35] (i.e., three-vector AD-MPCC), and proposed
AD-M?PCC are carried out. Therein, the dual-vector and
three-vector AD-MPCC schemes are implemented by mod-
ulating the proposed (20) with different duty cycle calculation
methods in [31] and [35], respectively.

Moreover, the configuration diagram and the laboratory
platform are shown in Fig. 10, which mainly consists of
a 2-kW dc source, a three-phase VSI (Mitsubishi DIPIPM
PSS20S73F6), an output LC filter, a sampling board (two
LEM LV25-P voltage transducers and four LEM LA25-NP
current transducers), a surface-mounted PMSM with a
2500-pulses-per-revolution incremental encoder, and a coaxial
connected hysteresis-brake load. Meanwhile, the experimen-
tal waveforms and data are recorded by an oscilloscope
Tektronix MDO3014. The nominal parameters of the LC-
PMSM system are listed in Table I. The control algorithms
are implemented in the DSP TMS320F28377. For the dual-
vector AD-MPCC, three-vector AD-MPCC, and proposed
AD-M?PCC, the sampling and switching frequencies are set as
10 and 5 kHz. For a fair comparison, the sampling frequency
is set as 25 kHz of the typical MPCC, which aims to obtain a
similar average switching frequency of fi, ~ S5 kHz [22].
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TABLE V
DESIGN PARAMETERS OF FOUR MPCC SCHEMES

Items Sampling fs Switching fs., Design coefficients
Typical MPCC 25 kHz ~ 5kHz w,=0.005, w;=0.001
Dual-vector AD-MPCC 10 kHz 5 kHz Ry, =11
Three-vector AD-MPCC 10 kHz 5 kHz Ry, =11
Proposed AD-M2PCC 10 kHz 5 kHz Ry, =11
30us
22 us
18 us
17 us
0 5 10 15 20 25 30 35 40
Time(us)
Typical MPCC I Dual-vector AD-MPCC

Three-vector AD-MPCC [l Proposed AD-M?PCC

Fig. 11. Execution time comparison of four MPCC methods.

Moreover, all the design parameters of these four MPCC
schemes are summarized in Table V.

B. Computational Burden Comparison

To demonstrate the low complexity of the proposed
AD-MZ2PCC, the computational burdens (i.e., execution times)
of four MPCC methods are compared in Fig. 11. It can be
seen that typical MPCC has the longest execution time among
the four MPCC methods due to its most complex predictive
model and third-order Taylor series expansion approximation
discretization. Since dual-vector and three-vector AD-MPCC
are designed based on the proposed simplified predictive
model-based MPCC controller in (20), these two methods
and the proposed method take similar execution times, which
are lower than that of typical MPCC. Besides, dual-vector
AD-MPCC has an enumeration process of the cost function,
thus leading to a slightly higher computational than that of
three-vector AD-MPCC and the proposed method.

C. Resonance-Suppression Performance Comparison

1) Effects of Damping Factor on Resonance Suppression:
First, to demonstrate that we have tuned the typical MPCC to
be relatively optimal, Fig. 12(a) and (b) shows the experimen-
tal results of typical MPCC with different weighting factors
w, and w;, where vg, and i, are phase-A capacitor voltage and
stator current. It can be seen that either too large or too small of
the weighting factors will cause the current oscillations. Based
on the criterion in [27] and our experimental observations, set-
ting w, as 0.005 and w; as 0.001 in typical MPCC can achieve
a satisfactory resonance-suppression performance. Then,
to verify the effectiveness of the R,-design criterion presented
in Section V-B, Fig. 12(c) and (d) depicts the experimental
results of the resonance-damping performance using the pro-
posed method with different R,. The results reveal that a larger
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TABLE VI

EXPERIMENTAL RESULTS OF STEADY-STATE RESONANCE-DAMPING
PERFORMANCE USING FOUR MPCC AT DIFFERENT SPEEDS

Rot Typical Dual-Vector  Three-Vector Proposed
otor
MPCC AD-MPCC AD-MPCC  AD-M?PCC
Speed (rpm)
THD of i, THD of isq THD of i5q THD of isq
200 13.62% 8.35% 5.78% 5.46%
400 10.27% 7.83% 4.69% 4.51%
800 11.56% 8.51% 5.28% 4.73%
1000 11.62% 8.89% 5.17% 4.42%

R, means underdamping and the resonance cannot be com-
pletely suppressed, while a smaller R, means overdamping,
i.e., distorting the fundamental current. Using the predesigned
R, = 11 in (35), satisfactory resonance-suppression perfor-
mance can be obtained. All in all, the designed damping fac-
tors above can ensure a fair comparison of these two methods.

2) Resonance-Suppression Performance Under Different
Speeds: The experimental results of resonance-damping per-
formance using four MPCC methods under different speeds
during the steady state are evaluated in Figs. 13, 14, and
Table VI. Fig. 13 shows the steady-state resonance-suppression
performance at 400 r/min. Fig. 14 depicts the corresponding
results and harmonic spectra of ig, at 1000 r/min. Table VI
illustrates the quantitative comparison results. It can be
observed that all four MPCC methods can realize effective
resonance suppression at different speeds. Nevertheless, typi-
cal MPCC may induce unknown resonant dynamics [see red
dotted circle in Fig. 13(a)] due to the single-vector action and
unfixed switching frequency, which also cause it to have a
widespread harmonic spectrum, the largest ripples, and the
highest total harmonic distortion (THD) among four methods.
Compared to typical MPCC, the remaining three multivector
MPCC can achieve better steady-state performance while
ensuring sufficient resonance damping. This is also because
these methods are designed based on our proposed con-
trol framework in (20). Therein, the three-vector AD-MPCC
has similar steady-state performance as the proposed AD-
M?PCC due to the similar modulated property, which is
better than dual-vector AD-MPCC. Nonetheless, the proposed
method still has the lowest THD among the four MPCC
methods. Moreover, the stator-current harmonic spectrum of
the proposed method is concentrated in the vicinity of the
switching frequency and its integer multiples. Hence, it can
realize a fixed switching frequency, making it convenient for
the design of the LC filter compared to typical MPCC.

D. Transient Performance Comparison

Fig. 15 depicts the experimental results of the tran-
sient response with speed accelerating from a standstill to
1000 r/min using four MPCC methods. Fig. 16 shows the
experimental results of the transient response with a sudden
step of load from rated value to 0 using four MPCC meth-
ods. The results reveal that the transient performance using
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MPCC. (b) Dual-vector AD-MPCC. (c) Three-vector AD-MPCC. (d) Proposed AD-M*PCC.

Resonance-damping performance comparison and harmonic spectra of ig, using four MPCC schemes with n = 1000 r/min and rated load. (a) Typical
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Fig. 15. Transient response comparison using four MPCC schemes with speed accelerating from standstill to 1000 r/min. (a) Typical MPCC. (b) Dual-vector
AD-MPCC. (c) Three-vector AD-MPCC. (d) Proposed AD-M?PCC.

four MPCC methods is overall similar. No resonance is
excited during the whole transient process and the rotor speed
can quickly accelerate to its reference value. It can also be
observed that the transient time #, using typical MPCC is
slightly shorter than that of the other MPCC methods. This
is because typical MPCC does not include a modulation
stage, which has a lower control delay compared to modulated
MPCC. Nonetheless, the transient time deviation between the
proposed method and the typical MPCC is 8 ms (about 12%
slower) while the settling time during the load-step dynamic
process is very similar. Hence, the proposed method can

achieve a relatively good transient response, which can meet
the control requirement practically.

E. Robustness Performance Comparison

To evaluate the robustness to model parameter mismatches,
experimental comparisons between typical MPCC and pro-
posed AD-M?PCC under different stator inductor mismatches
are shown in Fig. 17, where the mismatches are realized
by adjusting the L; parameter in the controller. Since the
dual-vector and three-vector AD-MPCC schemes are designed
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Robustness performance comparison between typical MPCC and proposed AD-M?PCC under stator-inductor mismatches. (a) Typical MPCC with

10%Ly. (b) Typical MPCC with 200%L;. (c) Proposed AD-M?PCC with 10%L;. (d) Proposed AD-M?PCC with 200%L,.

TABLE VII

COMPARISON OF RESONANCE-DAMPING PERFORMANCE USING TYPICAL
MPCC AND PROPOSED METHOD WITH LC-PARAMETER MISMATCH

Parameter 70%Lys, Cy 150%Lys, Cy Ly, 70%Cy Ly, 150%C

Mismatch THD of isq THD of 754 THD of isq THD of 754
Typical MPCC 12.83% 9.46% 10.67% 11.27%
Proposed method ~ 5.43% 4.12% 4.31% 4.58%

based on the proposed control framework in (20) and the only
difference is the modulation fashion, they exhibit the same
robustness to L, mismatches as the proposed AD-M?PCC.
As is shown, typical MPCC will cause larger current ripples or
even unstable under large L; mismatches due to the included
stator-current predictive model in (12), which will be worse
when the stator inductor is underestimated in the controller.
In contrast, the proposed method employs a reduced-order
predictive model in (20), which does not involve any PMSM
parameters. Hence, the L, mismatches have little effect on
the control performance of the proposed method as shown
in Fig. 17(c) and (d). In summary, the proposed method has
stronger robustness to stator inductor mismatches compared to
typical MPCC.

In addition, the quantitative experimental results of the
resonance-suppression performance using typical MPCC and
the proposed method with LC-parameter mismatch are given
in Table VII. It can seen that both methods can maintain strong
resonance-damping robustness performance under —30% and
+50% mismatches of Ly and C ;. Moreover, both two methods
are more sensitive to the underestimation of the real filter
inductance in the controller, resulting in a slight increase in
the THD. In summary, the proposed AD-M?PCC has stronger
robustness to various model mismatches compared to typical
MPCC.

F. Comparison to PMSM Drives Without LC Filter

Finally, we compare the dynamic response of g-axis ref-
erence current tracking in PMSM without LC filter and
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Fig. 18.  Performance comparison of g-axis reference current tracking in
PMSM without LC filter and LC-PMSM system using the proposed method.
(a) PMSM system w/o LC filter. (b) LC-PMSM system.

LC-PMSM system based on our proposed M?PCC framework,
which is shown in Fig. 18. For PMSM without LC filter, the
delay-compensated MPCC is designed based on (20), where
the AD is removed and the inverter-side current predictive
model is replaced with the stator-current predictive model of
typical PMSM as follows:

* —1 [ex .
VvV, = BL (lS - ALls,k+l — DL)

(36)

where i; x+1 = ALl x+BL Vi x+D; and the coefficient matrices
are expressed as

_ 1— TsRs/Ls
AL = |: —Tswe k
T.JL, 0 0
B, = , D= . (37
L |: 0 Ts/Lsi| L [_wae,kvff/Lsi| 7)

In addition, for a fair comparison, the same three-vector
modulation technique in (28) and (30) is employed. It can
be seen from Fig. 18 that due to the inclusion of the LC
filter, the stator-current dynamic tracking response of the
LC-PMSM system is slower than that of PMSM without LC
filter. These results are consistent with the frequency-domain
analysis in Section II-B. Nevertheless, the dynamic tracking
time of 2.6 ms of the proposed method is still sufficient to
meet the requirements in practical applications.

Tsa)e,k
1 - Ts RS/LS

VII. CONCLUSION

This article presents an AD-M?PCC scheme to stabilize
the LC-PMSM system. A simplified predictive model and a
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baseline MPCC for control of inverter-side current are first
constructed, which have reduced computational complexity
and enhanced robustness to model mismatches. Then,
a capacitor-current-feedback AD technique is integrated into
the MPCC, effectively damping the system resonance. Further,
a modulated AD-M?PCC scheme is proposed to ensure
satisfactory steady-state tracking accuracy and fixed switching
frequency. Comparative experimental results validate the
superiority of the proposed scheme over typical MPCC.
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