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ABSTRACT: The model predictive control (MPC) for quasi-Z source inverter (QZSI)-based permanent magnet synchronous motor
(PMSM) system suffers from the problems of inductor current ripple, large motor stator current pulsation, and system susceptibility
to load torque disturbance. A QZSI composite voltage vector model predictive current control strategy with a novel sliding mode reach-
ing law (CVVs-NSMRL-MPCC) is proposed. Firstly, a composite voltage vector — including one shoot-through, one zero, and two
active voltage vectors — is applied to the QZSI during each sampling period, which can effectively reduce the QZSI inductor current
ripple and three-phase current pulsation. And the design work for weighting coefficients in the cost function is simplified by calculating
the inductor current at ST duty cycle using dead beat control. Furthermore, a sliding mode controller with a novel reaching law is designed
for the motor speed loop. Based on it, the external load disturbances are feed-forward compensated to the output port of the controller
by the disturbance observer, which reduces the PMSM speed loop pulsation during load torque disturbances and improves the system
transient control performance. Finally, the practicality of the strategy proposed in this paper is verified by experiments.

1. INTRODUCTION

-source inverter (ZSI) represents a groundbreaking ad-
Zvancement in power conversion topology, -effectively
addressing the inherent limitations of conventional voltage-
source inverters (VSIs) and current-source inverters (CSIs)
through the innovative incorporation of a unique LC impedance
network. Distinct from traditional converter architectures, ZSI
topology enables simultaneous conduction of upper and lower
switching devices in the inverter bridge during shoot-through
(ST) states, thereby eliminating the necessity for dead-time
compensation. This feature enables single-stage voltage boost-
ing by precisely controlling the shoot-through duration [1].
Subsequent developments by Peng’s group introduced quasi-
Z-source inverter (QZSI) as a topological improvement which
demonstrated enhanced performance characteristics, including
superior voltage gain, simplified control implementation, and
improved dynamic response capabilities for grid disturbance
mitigation and load variation accommodation [2,3]. Quasi-
Z-source inverter technology provides notable operational
benefits, particularly in maintaining continuous input current
and reducing capacitive voltage stress — essential features for
improving reliability in high-power energy conversion sys-
tems. However, such advantages come at the cost of expanded
system dimensions and heightened control intricacy. In [4],
to mitigate these limitations, a comprehensive small-signal
model for the QZSI is established, and enhanced space vector
pulse width modulation (SVPWM) strategies are proposed,
with experimental verification of the topology’s adaptability
in renewable energy systems under dynamic operating con-
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ditions. Recent topological innovations, including cascaded
QZSI architectures and capacitor-optimized impedance net-
works, further address scalability challenges by minimizing
passive component volumes while boosting power density and
efficiency [5,6]. These advancements have propelled QZSI
adoption across critical energy sectors, with demonstrated
applications in grid-connected photovoltaics, wind power
stabilization, and hybrid electric vehicle drivetrains [7-9].
Finite control set model predictive control (FCS-MPC)
exhibits intrinsic strengths in power electronics applications
through intuitive implementation, computational efficiency,
and flexible multi-objective coordination [10]. Its capacity
to achieve high-precision control while managing multiple
system variables has driven broad adoption in power converter
regulation and motor drive systems [11-14]. A comprehen-
sive review in [15] evaluates FCS-MPC methodologies by
analyzing predictive modeling, cost function design, and
optimization mechanisms, highlighting critical limitations
in parameter sensitivity and computational demands. Pro-
posed research directions focus on advancing permanent
magnet synchronous motor (PMSM) drive applications. To
overcome challenges of parameter dependency, computa-
tional complexity, and variable switching frequency, recent
studies have developed integrated solutions with real-time
parameter identification, vector preselection techniques, and
adaptive weighting strategies [16,17]. Integration of model
predictive control (MPC) with QZSI topologies demonstrates
enhanced harmonic suppression and computational efficiency.
Advanced implementations leverage improved prediction
horizon management to simultaneously reduce total current
harmonic distortion (THD) and computational latency [18].
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A streamlined FCS-MPC approach for RL-load (resistive
inductive load) QZSI systems in [19] employs simplified
cost functions and vector pre-screening to maintain control
fidelity with reduced processor workload. Now, the MPC
approach has been further extended to QZSI-based PMSM
drive control. Ref. [20] proposes a vector selection strategy
using predicted current vector analysis. Candidate voltage
vectors are filtered according to angular relationships between
three-phase positive-sequence a-axis projections and reference
currents.  Resulting voltage vector durations determined
through modulation techniques demonstrate effective reduc-
tion of QZSI inductor current and capacitor voltage ripple.
However, this approach introduces elevated ST frequencies
that proportionally increase switching losses. Torque ripple
reduction is achieved through a cascaded control architec-
ture integrating voltage regulation and switching sequence
optimization, as demonstrated in [21]. This dual-mechanism
strategy ensures precise tracking of inverter input voltage
references through closed-loop regulation while suppressing
g-axis current oscillations via an optimized space vector
modulation (SVM) algorithm. However, the required supple-
mentary switching network induces non-negligible parasitic
power dissipation. In [22], a finite control set model predictive
control (FCS-MPC) strategy is proposed for QZSI-PMSM
drive systems. This method generates the reference current
by synthesizing power compensation values from closed-loop
electromagnetic power regulation and capacitor voltage feed-
back. This synthesis effectively suppresses overshoot and
oscillation during capacitor voltage transients and DC-link in-
put disturbances. Ref. [23] proposes a finite-control-set model
predictive control (FCS-MPC) strategy with mode-dependent
objectives for PMSM drives. In buck mode, control focuses
on three-phase currents; in boost mode, it prioritizes inductor
current and capacitor voltage regulation. During boost oper-
ation, the control architecture implements a dual-stage vector
selection: the first sub-cost function evaluates shoot-through
voltage vector (STVV) applicability, while the second sub-cost
function filters candidate vectors through exhaustive traversal
of a subsequent cost function. Compared to unmodulated
FCS-MPC, this strategy achieves reduced inductor current and
capacitor voltage ripples. However, the dual cost-function
implementation inherently increases computational load due
to interdependent weighting coefficient coordination. This
complexity has motivated focused research on dimensionality
reduction strategies for multi-variable weight optimization. A
three-phase duty cycle modulation strategy is proposed in [24]
for QZSI-PMSM systems, ecliminating conventional cost
function calculations while maintaining control precision. By
coupling control variables across the QZSI and PMSM through
inverter bridge arm switching states, the method derives duty
cycles from non-singular linear equations and refines them
through capacitor voltage error feedback. This method avoids
the computational burden of conventional iterative voltage
vector screening. It simultaneously mitigates inductor current
ripple, capacitor voltage ripple, output current THD, and motor
torque pulsation.

A well-documented challenge in MPC applications lies in
its inherent sensitivity to parametric variations within con-
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trolled systems. Such parametric robustness degradation di-
rectly compromises MPC control accuracy, necessitating the
thorough investigation of parameter-dependent prediction er-
rors under varying PMSM operational states and QZSI oper-
ating conditions [25]. In [26], sensor reduction is achieved
through model-based inductor current estimation and capacitor
voltage sampling synchronized with current acquisition inter-
vals, significantly minimizing hardware complexity while en-
suring measurement accuracy. While effectively minimizing
hardware complexity, this approach exhibits elevated output
current THD compared to conventional proportional-integral-
derivative (PID) control frameworks. A Proportional-Integral-
Integral Sliding Mode Control (PI-ISMC) method based on gd0
reference system is proposed in [27]. The method achieves
asymptotic tracking of the mechanical speed of induction mo-
tors under parameter uncertainty and variable load conditions
through adaptive optimization of parameters. A model-free
predictive control framework is proposed in [28] to address pa-
rameter sensitivity challenges in QZSI model predictive con-
trol, integrating ST state dynamics through an ultra-local model
approach. The methodology constructs unified mathemati-
cal representations for resistive-inductive load currents, induc-
tor currents, and capacitor voltages. Experimental validation
demonstrates effective transient performance maintenance un-
der parametric mismatch conditions involving QZSI network
inductance, capacitance, and load impedance variations. A
composite sliding mode control architecture, utilizing PMSM
rotational speed and QZSI inductor current as dual state vari-
ables, is proposed in [29]. The QZSI-side sliding mode gen-
erates ST duty cycles while compensating for system pertur-
bations through a nonlinear observer. Experimental results
confirm the strategy’s robustness against load speed fluctua-
tions and parameter variations, maintaining stable dynamic re-
sponses across operational scenarios.

To address the challenges of inductor current ripple, signifi-
cant motor stator current pulsation, and load torque sensitivity
in QZSI-based PMSM system, a QZSI composite voltage vec-
tor model predictive current control strategy with a novel slid-
ing mode reaching law (CVVs-NSMRL-MPCC) is proposed.
The key contributions are summarized as follows:

1) A composite V'V consisting of STVV, zero V'V and two
active V'Vs is applied in a single control cycle to realize the
improvement of inductor current ripple and motor stator current
waveform distortion rate.

2) ST duty cycle is calculated based on the inductor current
dead-beat control, from which inductor current term is thus neg-
ligible in the cost function for active candidate V'V screening,
which simplifies the calibration of weighting coefficients

3) A sliding mode controller with an NSMRL is designed for
the speed loop of PMSM, which not only suppresses chattering
but also has a faster arrival velocity. Under PMSM transient
conditions, speed pulsation is effectively suppressed.

4) Real-time observation of load disturbances in the system is
achieved using a disturbance observer, and the observed value
is fed forward to the output of the controller, which further im-
proves the anti-interference performance of the PMSM.
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TABLE 1. Information corresponding to different V'V's of QZSI.

Switching state

Operating mode  Voltage vectors

S 1 Sz 53 S4 Ss Sé
Vo 1 0 1 0 1 0
(zero state) 0 1 0 1 0 1
Vi 1 1 0 0 0 1
Non-ST mode Va 1 1 1 0 0 0
Vi 0 1 1 1 0 0
Vi 0 0 1 1 1 0
Vs 0 0 0 1 1 1
Ve 1 0 0 0 1 1
ST mode \%; Simultaneous conduction of the up and down bridge arms switches of any one or more phases
(a) Coy | U (b) Coy | U2
1) I+ 1/ 1+
iLl _Ym > iinv iLl >
L ivp L int L, ivp L, ipn
i+ +
C_) Vi Ci T~ U2 Voc C*) C) V. C ucs ‘ <¢>
Lout - " - Lout

FIGURE 1. Circuit topology of QZSI. (a) Non-ST state. (b) ST state.

The rest of the paper is structured in the following way. In
Section 2, QZSI and PMSM mathematical model is established.
In Section 3, the design principle and implementation process
of CVVs-NSMRL-MPC method is introduced. Experimental
results and analysis are given in Section 4. In Section 5, the
conclusion section is presented.

2. QZSI AND PMSM MATH MODEL

This section presents the circuit topologies and predictive mod-
els of the QZSI network under both ST and non-ST operating
states, along with the predictive model of the PMSM.

2.1. Inductance Current and Capacitance Voltage Prediction
Model of QZSI

As shown in Table 1, the three-phase QZSI features nine distinct
switching states — the eight conventional voltage-source-type
inverter states plus a unique ST state. This additional state orig-
inates from the QZSI’s capability to enable simultaneous con-
duction of same-phase upper and lower bridge-arm switches.

As shown in Fig. 1, QZSI network has two operating modes:
ST and non-ST states.

The dynamic equations for QZSI network i,; and u¢ in the
non-ST operating mode are:

du
ir1 = %ino + C1 djl

diss (1)
ucy1 = Vin — L1 dt
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where Vi, uci, ir1 are the voltages of the DC source, volt-
ages of capacitor (', current of inductor L. i;,, is the DC bus
current of QZSI network.

iinv (k+1) can be calculated based on the three-phase switch-
ing state of the inverter in the next control period and three-
phase current at current moment.

va(k + 1) = Siiq + S3ip + Ssic (2)
where S), S3, and Ss represent the three-phase bridge arm
switching states of the inverter.

A forward Euler discretization of Eq. (1) is implemented.
The prediction equations for iz (k + 1) and ucy (k + 1) in the
non-ST mode are derived as follows:

T, [‘/zn - UCl(k>]
Ly

T, [iLl(k+1) - iinv(k+1)]
Cq

ir1(k+1) = +ir1(k) (3)

uc1(k+1) = +uc1(k) (4)

The diode current is interrupted in the ST operating mode.
According to the QZSI working principle, the inductor currents
and capacitor voltages satisfy if,; = iz, and uc; = uen, re-
spectively, under the symmetric parameter condition L; = L,
and C| = C,. Analogous to the non-ST mode dynamic equa-
tions, the ST-mode dynamics can be expressed as:

di
gy = o
®)
C d’LLC1 —
1 dt - L1
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FIGURE 2. The block diagram of the CVVs-NSMRL-MPCC.

A forward Euler discretization of Eq. (5) is performed. The
prediction equations for the iy, (k + 1) and ucq(k + 1) in ST
mode are obtained as:

iri(k+1) = ﬂu%ll(k)JriLl(k) (6)
werlh+1) = I @)

2.2. Numerical Modeling of PMSM

The voltage formula of PMSM is built in a two-phase
isochronous rotating coordinate system expressed as [30].

. di .
uqg = Rig + de—td — weLgig

; ®)
di
Uuqg = Rig + qu—tq +welgiq +wes
The electromagnetic torque equation is:
3 )
T. = Spubriy ©)

where ud, ugq, iq, iq, X, V5, we, Lq, Lq, pr, are the dg-axis volt-
age, dg-axis current, stator resistance, permanent magnet flux
linkages, electrical angular velocity, dg-axis stator inductance,
number of pole pairs.

The equation of mechanical motion of a PMSM is:

dw,,

— =1T.,—-1T; — B 1

Jdt e — T — Bwm (10)
db,,

M o 11
i w (11
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where J, B, T}, and 6,, are the rotor moment of inertia, vis-
cous friction coefficient, load torque, and mechanical torque,
respectively.

The prediction formula of dg-axis stator current can be ob-
tained by forward Euler discretization of Eq. (8).

%(ud(k)—Rid(k)+ste(k)iq(k))
T

L,
— Lwe(R)ia(k) — ¢ ywe (k)
where uq(k), ug(k), ia(k), iq(k), ia(k + 1), ig(k + 1), Ts are

the dg-axis stator voltages, dg-axis currents at the kth moment,
dg-axis currents at the £+ 1st moment, system sampling period.

ig(k+1)=ig(k)+

(12)

iq(k41)=iq(k)+ 7= (uq(k) — Riq(k)

3. DESIGN OF CVVS-NSMRL-BASED MPCC METHOD

The block diagram of CVVs-NSMRL-MPCC strategy is shown
in Fig. 2. In this strategy, the reference value of i1, is generated
by the QZSI capacitor voltage proportional-integral (PI) loop,
and the reference value of i, is generated by the speed control
PI loop.

3.1. CVVs Based QZSI Control Strategy

From the prediction model of iy, it can be seen that iy, in-
creases when STVYV is applied, while 77, decreases when ef-
fective V'V and zero V'V are applied. As shown in Fig. 3, the
quasi-Z-source MPC strategy under conventional SVM strat-
egy applies only STVV and one non-STVV in a single control
cycle, resulting in longer charging and discharging cycles and
larger current pulsations in 411. In order to minimize inductor
current ripple, dead-beat control of inductor current is realized
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FIGURE 3. (a) ¢z1 of QZSI under conventional SVM strategy (b) i1 of QZST under CVVs strategy.

through applying a composite voltage vector consisting of four
V'V s during a single control cycle time, i.e., two effective V'V's
and zero V'V's are applied when ip1 > i1 rf, and the STVV
is applied when i7,) < ir1 rey. Duration of the action of each
V'V can be known from ST duty cycle and dead-beat control of
dg-axis current.

The slope of the change of inductor currents during the action
of STVV and non-STVV can be calculated as:

inist(k+1) —ipi(k)

Fro = - (13)
kLnsti = !Linst ( +T ) ZLl( ) (14)

where i1 (k+1), krst and ip1pse (k4 1), kpnse; are predicted
value and the slope of change of the i1,; under ST V'V, predicted
value and slope of change of i, under ST VV. Subscript i =
1,2,...,6.

The predicted value of the i,; under CV Vs strategy through
krst and kst is:

i'1(k+1) = ip1(k)+kraTsdsh+kinsti Ts(1—dsp)
(15)
where ¢’ 11 (k + 1), dsp, in1 res are the predicted value of the
inductor current under the action of the CVVs, ST duty cycle,
inductor current reference value.

Solving Eq. (15) yields the ST duty cycle under CVVs strat-
egy as:

= Z'Lliref

i1 ref —i01(K) — KpnstiTs
Ts(kLst - kLnsti)

The proposed method applies a composite voltage vector —
including one shoot-through, one zero, and two active voltage
vectors — to the QZSI during each sampling period. The ac-
tive vectors are selected using a cost function. Firstly, a voltage
vector quick selection table has been designed. Two adjacent
voltage vectors are grouped together to synthesize desired volt-
age vectors of any amplitude within any sector (V] V3; Va; V3;
V3 Vi; Vi, Vs; Vs Vig; V; V7). Secondly, from the ST duty cycle
dsp, the candidate set of voltage vectors is modulated, and the
action times t;, ty, and £g of Uoptj, Uoptk, and the zero V'V are
calculated, respectively. Then, the combination of voltage vec-
tors that decrease the error of dg-axis currents i4, i, and uc is
computed by means of a cost function to obtain 2 active V'V's

dsh =

(16)
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Uopt1 and uepo With their respective action times ¢y, ¢,. Fi-
nally, the optimal combination of modulated voltage vectors is
applied to QZSI by generating switching signals via SVPWM.

The slopes of dg-axis currents at zero V'V action, s and
Sdo, are calculated as:

B Rsiq + weLgtq + wed)f
Lq
—Rgig + wequ’q
Lq

Sq0 =

amn

Sdo

From the above equation, the slopes of dg-axis currents when
the active V'V acts are sq; = Sq0 + Uqi/Lq and sq; = sao +
uqi/Lq, respectively. Subscripti =1,2,...,6. ug; and ug; are
the projections of the ith V'V on the dg-axis coordinate system.

Z/d(k-i-l) = id(k)+8d0(t0+dshTs)-l—detj+Sdktk :Z; (18)
i;(k‘—l—l) = iq(k)—‘rsqo(to—‘rdshTs)-i-qutj—I—qutkZi; (19)
T, = to+ tj + i+ donTs (20)

where i3, iy, to, t;, tx are the reference value for the dg-axis
current, duration of the action of zero V'V, and two active VVs,
respectively.

By solving Egs. (18), (19), (20), to, ;, and t;, are obtained
as:

A+ B
t; = = 21
C+D
t = 5 (22)
to = Ts — tj - tk - dshTs (23)
A = (ig —i4(k))(sqk — 540)
+ (i — iq(k)) (840 — Sax)
B = Ts(S5q0Sdk — SqkSdo)
C= (Zjl - id(kj))(sqo - SQj) (24)

+ (iy —iq(k))(sdj — Sdo)
D = Ty(sqjSd0 — 8405dj)

E = 54084k + 8q;5d0 + SqkSdj

— SqjSdk — SqkSd0 — Sq05dj
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After calculating to, t;, and t;, from Egs. (21) to (24), the are defined as:
predicted values of dg-axis currents corresponding to the six
desired V' Vs are obtained by substituting them into Eq. (12). X =W, — We (28)
When ST V'V and non-ST V'V act, the change slope of ca- X9 =X = —(,

pacitor voltage k¢ and k¢, st 1s similar to the change slope of
inductor current. It is important to note that the rate of change
of the capacitor voltage uc differs depending on whether an
STVYV, zero VYV, or active V'V is applied. ;,, is 0 when the
zero V'V is acting, and the voltage change slope k¢ is then
calculated by substituting the capacitor voltage prediction equa-
tion for non-ST times. The change slope of capacitor voltage
and predicted value of capacitor voltage under CV'Vs strategy
are

u01st(k -+ 1) — UCl(k)
T,
UCinsti(k + 1) — uci (k)
T

szt =
(25)

kCnsti =

UICI(k + 1) = uCl(k) + szthdsh + k'Cnstjtj
+kcnstktr + kcoto (26)

This paper’s non-STVV selection cost function differs from
conventional predictive torque control by eliminating the need
for iz, terms. This is achieved through dead-beat control of ¢y,
which decouples current regulation from the cost function. Un-
der this circumstance, the proposed methodology’s cost func-
tion incorporates only capacitor voltage uc and stator current
tracking. Consequently, only uc;’s weight coefficient requires
design. This approach replaces traditional QZSI-based MPCC
weighting of both u ¢ and inductor current 71,1, significantly re-
ducing coefficient calibration complexity. In this paper, weight
coefficient A\, of capacitor voltage term is designed to be 0.05.
The cost function is expressed as:

g = |iy—iq(k+1)|+ i;—z’q(k+1)|
A [uct rep —ugy (k+ 1) @7

3.2. Sliding Mode Control Strategy of Speed Loop Based on
NSMRL

The previously proposed QZSI-PMSM-MPCC method based
on CVVs aims to decrease the ¢, ripple and three-phase current
pulsation in QZSI; however, PMSM suffers from the problem
of unsatisfactory interference immunity when the external load
of the system changes abruptly.

In order to realize high precision control of motor system
speed, this paper combines the advantages of sliding mode con-
trol, which is less dependent on system accurate model and has
good robustness, and the advantages of sliding mode distur-
bance observer, which has small vibration and high observation
accuracy, and puts forward the sliding mode control of speed
loop based on a novel reaching law.

The sliding mode control in this paper is divided into two
parts, that is, sliding mode controller design and sliding mode
perturbation observer design. The design of the improved slid-
ing mode controller based on NSMRL is as follows. The state
variables of the permanent magnet synchronous motor system

where w? is the given electrical angular speed value, and w, is
the actual electrical angular speed.

To smooth torque, reduce system errors, and minimize jitter,
the following integral sliding mode surface is chosen:

t
s1=x1 + c/ x1dt (29)
0

where c is the integral coefficient of integral sliding surface.
Derivation of (29) yields:

§1=%X1+ex1 =W —we + ex1 (30)

From Egs. (9) and (10), the equation of state of the PMSM
speed for parameter variations is derived as:

dw, p2 . B Pn
= 1.5 2 periy — — — (AT, - T, 1
dt 5 J wectzq Jwe + J ( e L) (3 )

where .., AT, are the active magnetic chain and change in
load torque as the parameter changes, respectively.

Considering the internal parameter uptake of the system and
the external load perturbation yields:

FWe (32)
where o = 3p,1p/2J, d(4) represents the total system perturba-
tion including internal parameter uptake and external load per-
turbation.

To resolve the convergence-chattering trade-off in conven-
tional sliding mode reaching laws, this paper proposes a state-
dependent adaptive reaching law. Based on the exponential
reaching law framework, this method dynamically adjusts its
gain parameters according to sliding surface distance and sys-
tem state variations.

§1 = —f(x1,s1)sgn(s) — kisy
€ |x1]

foas) = P g™ k)30 33)

limx|=0,e>0,6>0,k >0, 0<ky<1
t—0

In combination with Eq. (32) and Eq. (33), a sliding mode
control law is formulated as follows:

B
ip=a! 7d(t) +exy + fxi,s1)sgn(s1) + kis1|  (34)
From Eq. (34), the sign function is included in the sliding

mode controller. To further decrease jitter, we use sigmoid
functions instead of the sign function as follows:

2
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FIGURE 4. Block diagram of the NSMRL based controller.

In summary, the block diagram of the NSMRL based con-
troller is shown in Fig. 4.
Proof I: The Lyapunov function V' is chosen as:

V==Cs (36)

Derivation of (36) and combining (33) yields:

V= S]S‘l

-5 [cxl + Wi — (aiZ - %dm B ?weﬂ (37)

= 81 [—f(x1,81)sgn(s1) — kys1]

= —f(x1,51) [s1] — kus7 <0

According to Lyapunov stability theory, the system with this
sliding mode controller is stable, and the error of tracking will
tend to zero in a limited amount of time.

The design of sliding mode perturbation observer based on
NSMRL is as follows. In order to further improve the system’s
perturbation resistance, a sliding mode perturbation observer is
designed. Taking mechanical angular velocity w, and total sys-
tem perturbations d ;) as status variations, the magnetic torque
T, as the system input, and mechanical angular velocity obser-
vation as the system output, sliding mode observer equation can
be obtained as:

€ = We — We )
. (38
eT:d—d

where e,,, er, d are velocity observation error, perturbation
observation error, and observed values of external load distur-
bances.

: B 1. 1
We =——=we — =d+ =T, + g(es,)

J J J (39)
J: lg(ew)

where [, gce,,) are observer gain and sliding mode control law
corresponding to the velocity observation error.

From Egs. (28) and (39), error equation of perturbed observer
is given as:

e, = fEe — le —g(ey)
w — Ni w J T A (40)
er = —lg(e.)

The integral slip mode surface is selected as:

t
S =€, + cw/ e.,dt (41)
0

Derivation of (41) yields:
Sw = €y + cuey, (42)
The reaching law is chosen as:

S = — sSgn(Sw) (43)
where s, is the sliding mold surface, and kg is the switching
gain.

Combining Egs. (38) to (40) and also considering —er/J as

a perturbation term, the control law of sliding mode perturba-
tion observer is designed:

g(ew) = (cw - ?) e, + kysgn(sy,) (44)

In summary, the control block diagram of the improved per-
turbation observer is shown in Fig. 5.
Proof 2: The Lyapunov function V' is chosen as:

V= §s3 (45)
Derivation of (45) yields:
V = swSw
=5 cefge flef(e)
— Sw w€w 7 w J T gl\ew (46)

1
= S {—kssgn(sw) — Jer} <0
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FIGURE 7. Experimental platform. (a) RT-LAB experimental platform. (b) RT-LAB in-the-loop system configuration.

According to Lyapunov stability theory, in order to make the
system sliding mode surface stability tends to zero, from Equa-
tion (46) ks should be designed to satisfy:

ler|

J

where / is a constant bigger than 1. When the load disturbance
observation error ey is large, the switching gain kg increases
accordingly to ensure the robustness of the system. When er
tends to 0, the switching gain kg also tends to 0 to weaken the
sliding mode jitter phenomenon of the observation.

ky>1 (47

3.3. Switching Frequency Analysis

Using multiple V'V s in one control cycle increases the inverter
switching frequency, so the switching frequency of proposed
CV Vs strategy is analyzed here. This paper uses a seven-stage
SVPWM algorithm to flexibly select ST V'V and zero V'V
when using different non-STVVs to change the switching state
of the switching tube, and only change the switching state of
one phase to reduce switching loss. Taking the first set of volt-
age vectors V) and V; as an example, zero VV, STVV, and ac-
tive VV are applied sequentially, and the voltage vectors are
evenly distributed in time. The total switching count per control
cycle reaches 8 actions—?2 additional actions compared to con-
ventional SVM dual-vector strategies due to STVV implemen-
tation. Nevertheless, the CVVs strategy not only expands the
voltage vector selection range but also enhances QZSI perfor-
mance without significantly increasing switching losses. The
modulation strategy of the proposed scheme is illustrated in
Fig. 6.
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4. EXPERIMENTAL RESULTS AND ANALYSIS

Proposed CVVs-NSMRL-MPCC strategy is experimentally
validated using RT-LAB experimental platform shown in
Fig. 7. TMS320F2812 was used as the digital signal pro-
cessing (DSP) controller, and RT-LAB (op5600) was used
to build the system, inverter, and other parts of the PMSM.
The experimental system captures data at 10kHz. Firstly,
the superiority of the CVVs strategy proposed in this paper
is verified. Secondly, the anti-load disturbance performance
of the PMSM side is verified. Since there are fewer QZSI
based PMSM model prediction strategy in the literature for
improving the anti-disturbance performance of PMSM side,
CVVs-PI-MPCC control strategy is used in this paper as
comparison. The various parameters of PMSM and QZSI used
therein are shown in Table 2. Conventional quasi-Z-source
SVM strategy and CVVs-PI-MPCC strategy control parame-
ters are k, = 10, k; = 100. The parameters of the proposed
CVVs-NSMRL-MPCC strategy to control the sliding mode
are « = 0.001, ¢ = 200, ¢ = 0.01, 0 = 100, k; = 200,
ko = 0.001.

4.1. Steady State Experiment

The given working conditions are as follows: QZSI-PMSM
was operated under the operating conditions of 1000 r/min ro-
tational speed and 15 N-m load torque. Reference value for u¢o
is 225V, while the given reference value for V. is 300 V. The
steady-state experimental waveforms of the three control strate-
gies are shown in Figs. 8-9.
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TABLE 2. PMSM and QZSI parameters.

Parameters and Unit Values
Stator resistance (£2) 0.15
Stator inductance (mH) 1.625
Rotational inertia (kg-m*)  4.78e-3
PM flux linkage (Wb) 0.1
Number of pole pairs 4

Rated speed (r/min) 1000
Rated torque (N-m) 15
DC Source Voltage (V) 150
QZSI Capacitor (1LF) 470
QZSI Inductor (mH) 2

Comparing Fig. 8(b) with Fig. 8(a), it can be observed that
the steady-state ripple of i1,; on QZSI side decreases when the
CVVs strategy is used, and the u¢; ripple is slightly reduced.
Comparing Fig. 9(b) with Fig. 9(a), the proposed CVVs strat-
egy has lower three-phase current waveform distortion rate. Ta-
ble 3 shows the superiority of the proposed CV Vs strategy more
visually. Compared with the traditional SVM strategy, the pro-
posed CVVs strategy reduces the iy, ripple by about 40.94%
and the ucy ripple by about 13.14% on the QZSI side, and
reduces the THD by about 32.75% on the PMSM side in the
steady-state experiments. The CVVs-NSMRL-MPC strategy
exhibits similar steady-state performance to the CVVs-based
QZSI strategy.
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4.2. Transient State Experiment

After verifying the superiority of the steady-state performance
of the proposed CVVs control strategy, the dynamic perfor-
mance is compared when load torque and speed are varied. Un-
der the variable speed condition, the reference value of uc;
is set to 225V, the motor load set to 15N-m, and the motor
speed incremented from the reference value of 1000 r/min to
1400 r/min, and then decremented to 1000 r/min. Comparing
Figs. 10(a) and (b), under the transient speed variations, the u¢;
and V. fluctuations on the QZSI side of the CVVs-NSMRL-
MPC strategy are smaller, and the transient process times of
ir1 and uc; are substantially reduced as compared to that of
the CVVs-based QZSI strategy. As shown in Figs. 11(a) and
(b), under transient speed variations, the CVVs-NSMRL-MPC
strategy achieves an 18.59% reduction in response time dur-
ing speed surges and a 73.73% reduction during speed sags,
outperforming the CVVs-based QZSI strategy. Meanwhile,
the torque pulsation under the CVVs-NSMRL-MPC strategy
is smaller, which is reduced by 22.54% in comparison. It can
be seen that the proposed CVVs-NSMRL-MPC strategy has
a faster dynamic performance response speed than the CVVs
without sliding mode. Table 4 shows the superiority of the pro-
posed CVVs-NSMRL-MPC strategy more visually.

Under the variable torque condition, the reference value of
uc 18 set to 225V; the reference value of the motor speed
is 1000 r/min; and the motor load torque is incremented from
15N-m to 20 N-m, and then decremented to 15N- m. As can
be seen by comparing Figs. 12(a) and (b), under transient speed
variations the two strategies have similar control effects on the
QZSI side. In comparison with Figs. 13(a) and (b), it can be
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TABLE 3. Steady-state experimental results of multiple control variables.

Control variables SVM based QZSI strategy  CVVs based QZSI strategy  CVVs-NSMRL-MPC strategy

Air (A) 6.62

Aue (V) 241
AT, (N'm) 2.15
ia THD (%) 4.61

3.91 393
2.13 2.21
1.95 1.93
3.10 2.95

TABLE 4. Transient-state experimental results at variable speed.

Dynamic changes CVVs based QZSI strategy  CVVs-NSMRL-MPC strategy

n (1000 — 1400 r/min) 34.53 ms
n (1400 — 1000 r/min) 27.41 ms
AT, (N-m) 2.75

28.11 ms
7.20ms
2.13

TABLE 5. Transient-state experimental results at variable load torque.

Dynamic changes =~ CVVs based QZSI strategy CVVs-NSMRL-MPC strategy

Te (10 — 15N-m) 2.10ms
Te (15— 10N-m) 2.53 ms
Te (N-m) 2.67

1.96 ms
2.45ms
2.33

seen that under transient load torque variations, the response
time of the CVVs-NSMRL-MPC strategy is 6.67% shorter dur-
ing the load torque surge and 3.16% shorter during the load
torque drop, which is better than that of the CVVs-based QZSI
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strategy. Meanwhile, the torque pulsation under the CVVs-
NSMRL-MPC strategy is less, which is reduced by 12.73%
in comparison. Table 5 shows the superiority of the proposed
CVVs-NSMRL-MPC strategy more visually.
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4.3. Transient State Performance Verification of QZSI Network creases in the commanded capacitor voltage, both uc and Ve
exhibit rapid tracking responses to the reference variation. Con-

This part of the experiment is to verify the dynamic response versely, during voltage step reductions, the system requires fi-

of the proposed CVVs-NSMRL-MPC strategy when the DC nite recovery duration to regain steady-state operation, primar-

bus Voltage varies. The control performance of QZSI side of lly attributed to the inherent slow discharge dynamics of the

proposed control strategy is verified for the sudden change of capacitive elements.

the given reference values of uc and Vpe. The motor speed

is kept constant at 1000 r/min, and load torque is constant at

15N-m. The corresponding Vp¢ at the output of the inverter 5. CONCLUSION

rises from 300 V to 400 V and falls from 400 V to 300 V. As de- Aiming at the problems of large ripples of inductor current and

picted in Fig. 14, the two control strategies demonstrate compa- motor stator current in QZSI-based PMSM system, as well as

rable transient response characteristics. Under abrupt step in- the system’s susceptibility to load torque disturbance. A QZSI
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composite voltage vector model predictive current control strat-
egy with a novel sliding mode reaching law is proposed. The
proposed method improves the control performance and anti-
interference performance of the system. Through the experi-
mental analysis for different operating conditions, conclusion
of the suggested control strategy is given as follows.

1) Compared to conventional SVM strategy, the uc is more
stable, and Vp¢ pulsation is smaller in proposed CVVs-QZSI
strategy because composite voltage vector is applied. The iy,
ripple on the QZSI side is reduced by 40.94% and the stator
current waveform distortion rate of PMSM reduced by 32.75%.

2) In the proposed CVVs-QZSI strategy, the ¢7, term can be
omitted from the cost function during active voltage vector se-
lection. This simplification reduces weighting coefficient cali-
bration complexity.

3) The NSMRL-based sliding mode controller and distur-
bance observer effectively suppress motor speed jitter and
torque pulsation under external load variations. Compared
with CVVs-PI-MPC, the proposed CVVs-NSMRL-MPCC
strategy achieves significantly improved dynamic response
during variable-speed operation.
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