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Abstract—In the realm of model predictive current control
(MPC) for electrical drives, the multiple vector MPC offers
significant advantages with respect to its high current tracking
accuracy and reduced current ripples, making it a promising
alternative to conventional single-vector MPC. To compensate for
the system disturbances due to model mismatches, extended-state
observers (ESOs) are often integrated. However, the observer
bandwidth relating to the disturbance rejection capability is usu-
ally compromised, since high bandwidth will inevitably amplify
high-frequency measurement noises. To address this coupling
issue between high frequency noises in steady state current and
the disturbance rejection capability in transient scenarios, a novel
triple-vector MPC is proposed in this paper. Specifically, the MPC
incorporating an active damping method is proposed to improve
the robustness against parameter mismatch and disturbances.
Moreover, a dedicated adaptive current predictor is proposed
to estimate current with one step delay compensation, where an
additional coefficient is designed to suppress measurement noises
independently. To further enhance the flexibility of the current
predictor, the adaptive mechanism based on the operation status
is introduced to adjust the introduced coefficient. Comprehensive
experiments have been conducted to demonstrate the superiority
in both high robustness and noise suppression of the proposed
controller.

Index Terms—ESQO, electrical drive, MPC, noise suppression,
three level inverter, multiple vectors.

I. INTRODUCTION

UE to high power density, large torque capability, and

high efficiency, PMSMs have been widely applied in the
fields of the industry and transportation [1] [2]. The reliability
of PMSM drive systems is significantly essential for the
above-mentioned applications. Conventional control methods
of PMSMs drives are field-oriented control (FOC) and direct
torque control (DTC). Although FOC can achieve good steady-
state performance and low current ripple, it has difficulty in
adapting the complicated vehicle motor conditions and needs
much work during the gain-tuning [3], [4]. Compared to FOC,
DTC has quicker dynamic response with simple structure and
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does not need pulsewidth modulation (PWM) [5]. However,
in general, poor steady-state performance, large current ripple
and variable switching frequency in DTC schemes are difficult
to be avoided [6].

Recently, model predictive control (MPC) has attracted
increasing attention within the field of motor drives due to
its superior capability in effectively handling uncertainties,
nonlinearities, and constraints [7], [8]. Different from DTC,
MPC can generate the optimal voltage vector by minimizing
the error between the reference value and predictive value [9].
However, the conventional MPC only use one vector in each
sampling period, there is a voltage error between the selected
voltage vector and the reference voltage vector, which affects
the steady-state control performance to a certain extent [10].
Hence, large current ripple and low noise robustness are two
shortcomings that obstruct the development of conventional
single-vector MPC. The steady-state performance of MPC
can be improved by increasing the sampling frequency and
extending the prediction horizon. However, this can lead to
increased computational burden and higher hardware expenses.
In this case, multiple-vector control methods were developed
to enhance the steady-state performance of MPC, where
multiple voltage vectors are applied during a single control
period to reduce the current ripple [11]. A double vector MPC
using dual active vector was proposed in [12]. The duration
times of the two vectors are determined based on the tracking
error minimization principle. Zhang et al. [13] proposed an
improved double MPC to further enhance the steady state per-
formance, where the second voltage vector is not fixed as a null
vector but is instead selected within a boundary range. [14]
proposed a double vector MPC using virtual voltage vectors to
mitigates the common mode voltages, where the small voltage
vectors with high common mode voltage is synthesized by
adjacent voltage vectors. In order to further improve steady-
state performance, triple-vector MPC (TVMPC) was proposed,
where three voltage vectors are utilized within each control
cycle [15]-[17]. Guo et al. proposed a novel visualization
analysis method to evaluate the effectiveness of the triple-
vector MPC method [18]. Besides, in [19], a symmetrical
triple-vectpr MPC is also developed to further enhance the
steady-state performance of PMSMs.

Since the performance of the MPC predictive scheme highly
relied on parameter accuracy and only the feedback error
regulation will not change the model’s low dynamic stiffness
and damping characteristics, one notable shortcoming of MPC
is insufficient disturbance rejection. For example, the distur-
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bances caused by resistance and rotor flux linkage mismatch
can lead to the current offset, and load torque disturbance can
affect the stability of the system [20]-[22]. The main control
methods for enhancing disturbance rejection are extended state
observers (ESO) [23], [24] and active damping [25], [26]. The
former method is widely applied in MPC, while the latter
method is more frequently utilized in the current loop of
FOC. The active damping method was initially designed in
the continuous domain to enhance the dynamic stiffness of the
system [27], where the feedback of the active resistance to the
voltage command was proposed to improve the stiffness of the
controller, which has a similar effect as increasing the physical
resistance of the plant [28]. Subsequently, the active damping
technique is extended to the discrete domain [29]. The optimal
value for the active damping method was derived in [30],
with the goal of enhancing disturbance rejection capability
while simultaneously minimizing the adverse effects of active
damping on the current response. ESO considers internal un-
certainties, external disturbances, and unmodeled dynamics as
total disturbances and estimates these disturbance concurrently
with the state variables. Although ESOs can be categorized
into linear and nonlinear types, linear ESOs are more favored
due to their ease of analysis and well-established theoretical
foundation [31]. In order to enhance the time-varying distur-
bance rejection, resonant extended state observers and high-
order extended state observers were developed, the former
is more sensitive to frequency variations and requires more
information [32], [33]. However, since both disturbances and
predicted values need to be obtained within the ESO, a notable
weakness of ESO is its limited ability to suppress noise,
which limits the control performance of the ESO. If noise
sensitivity is reduced, its disturbance rejection capability will
consequently be weakened. Moreover, as the order increases,
its noise suppression ability decreases. Therefore, enhancing
noise suppression capability without sacrificing disturbance
rejection is crucial for both MPC and ESO.

Approaches are developed to decouple the tradeoff between
the disturbance rejection and noise suppression ability of ESO.
An additional integral state variable was proposed in [34]
to expand the plant in the ESO structure, which partially
decoupled noise and disturbance ability and improved the
current smoothing. However, the integral term introduces an
additional phase delay to the ESO, which affects the dy-
namic performance of the system. [35] proposed an adaptive
switching high-order ESO, which switches the observer gain
according to the tracking error to achieve better steady state
and dynamic performance, but the design is more complicated.
The cascade ESO was proposed and analyzed in [31], [36], it
has been demonstrated to possess superior noise suppression
capabilities compared to the standard ESO. Subsequently,
low-power and high-order cascaded ESO techniques were
developed to address the issues of noise amplification and
challenges in numerical implementation [37]. However, in-
creasing the number of ESOs introduces additional delays,
which can affect the system’s tracking speed and complicate
the tuning process. In summary, although the aforementioned
techniques improve the noise suppression capabilities of ESO,
they can negatively impact signal tracking and convergence
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Fig. 1. The block diagram of the conventional MPC using ESO.

performance. Moreover, the aforementioned methods are pre-
dominantly applied in speed control loops and are rarely
utilized in current control loops.

In this paper, a novel triple-vector MPC is proposed to de-
couple disturbance rejection and noise suppression capabilities
while maintaining good dynamic response performance for the
current loop. The main innovations of this paper can be listed
as follows:

1) Different and superior to the method that the integral
term introduces an additional phase delay to the ESO [34]
and existing MPC using ESO structures, a novel discrete-
time current predictor based on the superposition theorem is
proposed to independently and directly predict the next instant
current to decouple the noise suppression and disturbance
rejection, where the noise suppression ability can be adjusted
through the parameter of the current predictor. In the proposed
structure, superior to ESO structures, there is no need to
obtain the disturbance caused by the parameter mismatch, the
application of the superposition theorem allows it to achieve
good parameter robustness while maintaining a simple design
process. Furthermore, an adaptive controller is applied to
smooth the current and enable the controller to achieve both
rapid tracking response and good steady-state performance.

2) Both cascaded ESOs and adaptive ESOs use observer
structures to enhance the disturbance rejection ability of MPC,
but they do not effectively solve the coupling problem. Addi-
tionally, these methods are mostly applied to the speed loop
rather than the current loop. Motivated by this fact, aiming
to independently improve the system’s disturbance rejection,
without using ESOs, this paper first introduces active damping
combined with predictive current control into the framework
of triple-vector MPC for the current loop.

This paper is organized as follows: Section II introduces the
conventional MPC using ESO. Section III presents the design
theory of the proposed frame work for MPC, the robust current
predictor, and the proposed adaptive control method. Section
IV provides experimental comparisons of the conventional
MPC using ESO and the proposed controller. Finally, the work
is concluded in Section V.

II. CONVENTIONAL MPC USING ESO
A. Design of Conventional MPC Using ESO

The voltage equation of the surface-mounted PMSM in syn-
chronous reference frame by complex vector can be presented
as follows [22]:

qu = Rsidq + Lsidq + jweLsidq + €dq — qua (1



where Uy, = Ug + jU, denotes the stator voltage vector,
1dq = 1q4+Jiq denotes the current vector, and j is the imaginary
unit. L, represents the stator inductance, R, represents the
stator resistance. eqq, = jw.ts, where w. is the electrical
angular speed and 1y is the permanent magnet flux. F' g4is
the unknown disturbance in the system.

Based on (1), MPC methods can be employed to force
future currents to track reference currents [38]. However,
since actual SPMSM parameters may vary under different
conditions, disturbance caused by parameter mismatches can
deteriorate the performance of MPC. In order to solve this
issue, ESO has been applied to MPC to estimate disturbances.
The design of ESO can be presented as follows [3]:

Err :idq - Z'dq
2 1 N . . S
ldg :Ls (qu - Rsqu - ]WeLdeq — €dq + Eiq) - ﬁlerr

F dqg = — ﬂQ Err,

) ) 2
where i4, and Fg, are the estimated current and estimated
disturbance in ESO, respectively. $; and [, are the error
feedback gains of ESO and can determine the comprehensive
performance of the observer. According to [38], defining wy as
the bandwidth of ESO, 3; and 5 can be obtained as follows:

R,
B1 =2wo L. 3)
62 :wg LS.
Therefore, (2) can be modified as (4) by Euler-forward dis-
cretization and the (k -+ 1) th instant stator current %dq (k+1)

and estimated disturbance qu (k + 1) can be easily obtained
as follows [6]:

g (k+1) = <1 - RsTS) g (B) + 22U ()

Ls L,
. . Ts - edq (k) Ts T, 4)
— jweTsiaq (k) + fSqu (k) — qT — b .o

Fyy (k41) = Egy (k) — Baep, Ts.

Considering one-step delay in actual digital systems, the (k+
1) th instant reference voltage of MPC U~/ (k + 1) can be
obtained as follows:
L

ref _ s
Udq (k+1) = T
+jweL5%dq (k + 1) + 6dq (k + 1) — qu (k + 1) .

(&)

The block diagram of MPC using ESO is shown in Fig. 1.

B. Limitation of Conventional MPC Using ESO

It can be seen from (4) and Fig. 1 that whether it is the (k+
1) th instant stator current or the estimated disturbance, both
need to be obtained within the ESO. Therefore, it is necessary
to analyze the coupling issue between the disturbance rejection
capability and noise suppression ability.

1) Disturbance rejection analysis: Frequency-domain distur-
bance rejection analysis for ESO gives the transfer function
from the actual disturbance to the estimated error Ger (s),
and from the actual disturbance to the estimated disturbance
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Fig. 2. Bode diagrams of the frequency-domain analysis for ESO.

G i (). The detailed derivation is shown as follows: (6) can
be obtained by substituting (2) into (1),

érp = L' Fag — Ly Fag — L7 ' Reerr — Preyr,  (6)
Taking the Laplace transform of (2) and (6) [39],
€rrS = L;lﬁ’dq — L;'Fyy — L7 Reyr — Brerr, (1)
Fuqs = —Bacrr, (8)
Substituting (8) into (7),
err [+ (BL+ RsL") s+ BoL] = =L Fags,  (9)

Therefore, the transfer function from the actual disturbance to
the estimated error G (s) can be expressed as follows:

—sL;t
s2+ (B1+ RoLs ') s+ foLst
Similarly, substituting (7) into (8),

L FugBs = Fuq [s* + (B1+ RL7Y) s+ L)1), (1)

Therefore, the transfer function from the actual disturbance to
the actual disturbance to the estimated disturbance G . (s)
can be expressed as follows:

_ qu(s) _
GFF B qu(s) B

Ger (s) = (10)

L' Bs
2 -1 -1\ "
s2+ (B1 + RoLs ' + B2 L5Y)

Fig. 2 plots the frequency characteristics of G.r (s) and
G i (s). It can be seen from Fig. 2 (a) that the low-frequency

(12)



disturbance rejection ability of ESO increases with the increase
of bandwidth but the high-frequency noise suppression ability
has not changed. Fig. 2 (b) shows the high bandwidth makes
the ESO sensitive to high frequency disturbance.

2) Noise suppression analysis: Measurement noise is a
critical non-ideal factor that must be considered in the motor
drive control system, and it contains high-frequency compo-
nents of different volumes. Theoretically, any unaccounted
measurement noise will inherently affect the accuracy of the
predictive controller. Since MPC aims to eliminate tracking
errors in each cycle, studying its response to measurement
noise is particularly important [40]. Frequency-domain noise
suppression analysis for ESO gives the transfer function from
the measurement noise to the estimated current G (s) and
the measurement noise to the estimated disturbance Gz, ().
Taking the Laplace transform of (2),

gdqs = L;1 (qu - jweLsZ’dq — €dq + Rs%dq + qu) - ﬁlerr
(13)

qus = 7[3267"7“; (14)

Substituting (14) into (13),
gqu2 + B2gdq + Blqus = SLs_l (qu - jweLsidq - edq)

+ SLS_I (Rs%dq + qu) + (ﬁ? + ﬂls) Z'dqv
15)
Considering the existence of the output side measuring noise
Nyg (8), (15) can be written as follows [41]:

A sL71
I 5 Ugog — jweLsigy — €
U (B f RuLs )t oy e ekt = g
- B15 + P2 )
+ F, ) + tdg + N,
dq 52 + (ﬁl +R5Ls_1) 5+62Ls_1 ( dq dq) (16)

Hence, the transfer function from the measurement noise to
the estimated current G; \ (s) can be expressed as follows:

G — idq (5) _ P1s + B2
N Nag(s) 82+ (B1+ RsLs') + B2 L

Similarly, substituting (13) into (14),

A7)

Lgl (qu - jweLs — €dq + Rs%dq + qu) + 51idq
s+ 61

Batidq =2

+ qus
(18)
Considering the existence of the output side measuring noise
Nyq (8), (18) can be written as follows:

»325
s2+ (B1+ RsLs') + B2 L5
_ BoL;t (Uaqg — jweLsiag — €dq)
s2+ (B1+ RsLs') s+ BoLi!

Hence, the transfer function from the measurement noise to the
estimated disturbance Gz, (s) can be expressed as follows:

Gao — qu (S) _ 625
FN Nag () 2+ (B + RoLs') s+ oL

qu = (idq + qu)

19)

(20)

The bode diagrams of G (s) and Gz 5 (s) are shown in Fig.
2. As the bandwidth increases, the noise suppression ability
of ESO decreases. Generally, to ensure satisfactory estimation
accuracy and disturbance rejection capability, ESO is typically
set to a high bandwidth. However, both uncertain current
quantization noise and electromagnetic interference (EMI)
noise contain high-frequency components. A high bandwidth
makes the ESO more sensitive to noise, which can lead to
adverse effects such as increased current ripple, oscillations in
mechanical systems, and even system instability [42].

III. PROPOSED MPC

According to the analysis in Section II, the conventional
ESO is hard to meet simultaneously in terms of requirements
for disturbance rejection and measurement noise suppression
in model predictive current control. For the purpose of solving
the above-mentioned problem, a novel framework for MPC is
proposed in this article to balance the disturbance rejection
and noise suppression.

A. MPC With Active Damping Framework

Since all the signal including current controllers and invert-
ers are implemented in the digital system, there is an inevitable
execution time delay, which is commonly one sampling period.
Hence, it is necessary to build the discrete-domain model
considering execution delay instead of the continuous-domain
model. Besides, in order to simplify an inverter model, inverter
nonlinearity has been consistently compensated based on look-
up-table(LUT) [38]. Based on (1) and (5), considering ¢4, as a
disturbance, the transfer function of the PMSM model G (2)
with one-step delay compensation and the current controller
G1 (7) based on internal model principle in the discrete-time
domain can be presented as follows [43]:

Gy (2) = fan(2) L T,

Uag (2) 2z (2—1+ jweTs + RTL:Y)
_ay (2= 14 jwTs + R,T,LTY)
B (z—1) L3 T, '

2L

G(:l (Z)

where a; is the bandwidth of the current controller and is set
to 1 to achieve the deadbeat response in the MPC structure
[26]. In this case, the disturbance rejection transfer function
Ga1 (2), i.e., the current response produced by disturbance in
the discrete-time domain can be derived as follows:

_tag(2) _ Gp1 (2)
Ga (2) " Dag(2) 1+ 2Ga (2)Gpi (2)
_ LT (2 —1)
B (z — 1+ jw. Ty + RSTSLgl) (z—1+a)z

(22)
Fig. 4 plots the frequency characteristics of G4 (2). It can be
seen that the disturbance rejection of the system is insufficient
since only the feedback error regulation scheme in MPC can
not change the PMSM plant’s low stiffness and damping
characteristics. To solve this issue, the active damping method
with prediction scheme is introduced to MPC to enhance
disturbance rejection ability. In this case, the transfer function
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of the PMSM model G (z) and the controller G2 (z) can
be derived as follows:

Gpo () = Jaa2) _ LT
P Ugq (2) 2 (2 =1+ jweTs + (Rs + Ry) Ts L5 )
— 1+ jweTs + (Rs + Ry) T L7
G (z) = e gl b U £ o) Tl ),

(z—1) L3 T,

(23)
(23) shows the active damping method with prediction scheme
is composed of two parts: one-step lead operator z and the
active resistance R,. The one-step lead operator z can be
implemented using a current predictor which will be designed
later. In this case, the disturbance rejection transfer function
of the proposed framework Gy (2) , i.e., the current response
produced by disturbance in the discrete-time domain can be
derived as follows:

- idq (Z) _ (Z)
Gaz (2) " Dy (2) 1+ ZGc2 ( ) Gz (2 )
Ts(2—1) 2~
(z—l—i—]weT —&-(RS—FRG) )(2—14’@1).
(24)

Fig. 4 plots the frequency characteristics of Gy (z). After
incorporating the proposed method, the system’s disturbance

rejection ability is significantly increased, and this ability
is further improved as R, increased. In order to maintain
disturbance rejection while ensuring that the system operates
in a high damped state, R, is set to 0.246 L T, * in this article
[43]. The block diagram of the proposed MPC is shown in Fig.
3. The digital implementation of the proposed framework is
shown as follows:

Pagr (k) = ar LT ( 7S (k4 2) — igq (k + 1))
qu2 (k) = qul (k)
—Pyg1 (k= 1) (1 — jwTs — (R + Ry) L 'Ty)
qu?)(k) :qug(k'—l)—f—qu?,(k’_})
Use (k+1) = Pags (k) + eaq (k) — iaq (k + 1) Rq. 05

B. Proposed Current Predictor

Aiming at predicting the next instant current independently
while reducing the system’s sensitivity to parameter mis-
matches and incorporating the active damping method, a robust
current predictor is proposed in this section.

The proposed current predictor can be divided into a
controller and a plant, where sampling current iq4q(2),
2" U4yy3 (2), the predicted current 214, (2) are considered as
designed as input, disturbance, output, respectively. Compared
to traditional current prediction schemes that do not consider
disturbances caused by the parameter mismatch, the distur-
bance Ugq4 can be obtained by the controller of the current
predictor. Since the active damping method has been applied,
the disturbance 2z~ 'Ugys3 (2) at kth instant can be derived as
follows:

- jwewf + idq (2) Ra~ (26)

2 a3 (2) = z_lU;?f (2)

Hence, the plant of the current predictor G (z) can be

designed based on (23) as follows:

B zidq (2)
Cpe (2) = 27 Waq2 (2)
LT,

1—2714jwTz"1+ 2~

L(Ry + R,) L3 'T,
27)
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Fig. 5. The block diagram of the proposed current predictor.

After obtaining the plant of the PMSM of the current predictor,
the controller can be designed based on the IMC principle as
follows:

za _
Gee (2) =1 Gyl (2)

ag (z =1+ jweTs + (Rs + Ra) L' Ty)
- LT,

(28)

)

where as is the bandwidth of the proposed current predictor
which will be discussed in detail later. The block diagrams of
the proposed current predictor is shown in Fig. 5.

Generally, the disturbance caused by parameter mismatches
Uqqa need to be obtained and compensated to (4) and (5) in the
ESO structure. However, since the input 44, (2), disturbance
27 U443 (2) and feedback coefficient z~! have been already
known, superior to ESO structures, there is no need to obtain
complex Ugq4 in the proposed structure, the output z%dq (z) of
the current predictor can be obtained based on the superposi-
tion theorem, i.e., the sum of the input signal effect and the
disturbance signal effect:

Gee (2) Gpe (2)
14 271 Gee (2) Gpe (2)

2idq (2) = idq (2)

Gpe (2) -1
T 10, () Gy (7)° o ()
=gy (2) —2
T tdg z—1+as
z—1 L Tz g5 (2)

+

z—14asl— 2" 4 jw Tz + 271 (Rs + Ra) T~
(29)

After designing the proposed predictor, the digital implemen-
tation can be derived as follows:

qul (k) == Tsqu3 (k - 1) L;I
Mgz (k) = Mag: (k)
+ Mg (k — 1) (1 — jweTs — (Rs + Ry) Ly 'T)

qug (k) = qug (k) — qu2 (k — ].) — (G,g — 1) M3 (/ﬂ — ].)

Maga (k) = iaq (k) az — Maqa (k — 1) (a2 — 1)
tag (k + 1) = Magz (k) + Maga () .
(30)
By replacing i4, (k + 1) in (5) with 44, (k + 1) in the proposed
current predictor, the proposed MPC can be implemented.

C. Local Analysis and Adaptive Control for the Proposed
Predictor

1) Parameter sensitivity analysis: In order to analyze the
parameter robustness of the current predictor, the transfer
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function of steady-state error eqq2 (2) is derived as follows:
Jim e, (1) =lim (= — 1) égq (2)
Gee (2) Gpe (2)
14 271G (2) Gpe (2)

—(z—1) Gpe (2)
14 271G (2) Gpe (2)

=lim (igy (2)

2 a3 (2) ) = 0.

(€29)
It can be seen from (31) that the steady error is equal to O when
the parameter mismatch occurs, which means 74, (t) = 744 ()
and the proposed predictor has the good robustness.

2) Measurement noise suppression analysis: Since the feed-
back current is obtained through the proposed current predic-
tor, it is necessary to analysis the noise suppression. Therefore,
the transfer function from measurement noise ngq2 to the
output G (z) can be derived as follows:

B szq (Z) o Gce (Z) G;DE (2)
G = e~ T5 7 1Gec (2) Gy ()

Fig. 6 plots the frequency characteristics of G, (z). It can be
seen from Fig. 6 that the noise suppression ability is decreased
as ao increased. Meanwhile, ao can determine the dynamic
performance of the proposed current predictor. Hence, the
adjustment of ay is particularly critical for the MPC system.
In this case, an novel adaptive control method based on the PI
controller is proposed to adjust the coefficient of the current
predictor between steady-state and dynamic conditions.

3) Adaptive controller: The proposed adaptive control is
divided into four components: error calculation, dynamic and
steady-state assessment, PI controller, and the stability guaran-
tee. The error calculation eqq2 (k) can be designed as follows:

eaqr (k) =ige (k +2) —iaq ()

edq2 (k) =edq1 (k) sgn (edq1) ,

(32)

(33)

where sgn represents sign function and can be presented as

follows:
1if (x>0)

0if (z=0)
—1if (z<0).

sgn (x) = (34)

eqdqs (k) is the input of the PI controller and can be acquired
as follows:

€dg3 (k) = €dq2 (k) — €dg2 max, (3%

where €442 max 1s the part of dynamic and steady-state assess-
ment and is set to 1.5A in this paper. When egq0 (k) greater



than egg2 max, the system is determined to be dynamic state,
and ag will be gradually increased. When egqo (k) smaller
than g2 max, the system is determined to be steady-state, and
as will be gradually decreased through the PI controller. It
should be noted that €442 max can be configured according to
different requirements and application conditions. Motivated
by the approach proposed in [44], the adjustment of the two
parameters of the PI controller has been simplified s uch that
only a single bandwidth parameter o needs to be tuned, the
proportional gain is set to aLg, and the integral gain is set to
aR;. In this way, the PI controller can be presented as follows:

Caqs (aLs +aR, T, Z) — ay (36)

z—1

Furthermore, for the stability guarantee, according to the
stability principle (poles are located inside the unit circle),
the value of as should be observed as [0,1]. A more detailed
explanation of the tuning of as is as follows: as the bandwidth
adjustment parameter of the current predictor, the value of
as has a significant impact on both the dynamic response
and noise immunity of the system. When as is set to a
relatively large value, the current predictor can respond more
rapidly to changes in current, which is beneficial for improving
the system’s dynamic performance and its ability to quickly
compensate for disturbances. However, a larger bandwidth also
amplifies high-frequency measurement noise within the sys-
tem, which may increase the noise component in the feedback
current signal of the system and adversely affect the steady-
state performance. Therefore, during steady-state operation,
the value of as can be appropriately reduced to effectively
suppress high-frequency noise and improve the steady-state
accuracy of the system. Conversely, when the system is
subject to disturbances or requires a rapid dynamic response,
the value of as can be increased to enhance the dynamic
response capability. By adaptively adjusting as according to
the operating state of the system, a balance between steady-
state and dynamic performance can be achieved, enabling
smoother transitions between these two modes. The block
diagram of the proposed adaptive controller is shown in Fig.
3.

D. Implementation of Triple-vector MPC

As the reference dq current has been converted into the
reference voltage with the active damping term incorporated,
a triple vector MPC approach is employed to achieve the
reference voltage tracking in this part. Its main difference
between the existing SVPWM approach and the multiple
vector MPC lies in the way to calculate the dwell time of
different voltage vectors [14]. The SVPWM approach is based
on the voltage-second balance law while the MPC approach
is mainly based on the numerical value of cost function.
Specifically, the three different voltage vector that produces
smallest cost function value will be applied for the next control
cycle.

Jo = [Jug, (k+1) —ugq (k+1)||2 (37)

For a simple implementation, the dwell time for each vector
can be calculated with the value of their corresponding cost
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Fig. 7. Test rig of the PMSM platform.

function values [18]. The relationship among the three voltage
vectors is devised as
t t ty _
ol il = 1 t
Uy, = 7u1 + Fuz + Fus
0 <t1,l2,t3 < T

(38)

Here, the duration time for a voltage vector is inversely
proportional to its cost function value. Hence, the derivation
can be given as:

opt2 yopt3
ISP g8

d =
1 J;ptlJ;pt2+Jgpt2Jgpt3+J§ptlJ;)pth
d . Jé)ptl Jé)ptS (39)
2 — JsptlJgpt2+Jgpt2J§pt3+J§ptlJgptfi
Joptl Jopt2
dS 2 2

— Soptl jopi2 opt2 7opi3 optl 70pi3
ISP I I+ I TS

Where d;, ds, and d3 are the duty cycle of the three selected
voltage vectors, respectively.

For the triple vector MPC in three level inverter drive, the
small voltage vector will be always selected to synthesize
the switching sequence. Hence, the neutral point voltage is
balanced by adjust the dwell time of the small voltage vector
pairs. If d; is the duty cycle of the small voltage vector pairs,
it should be assigned to the P-type small vector and the N-
type small vector, and the duty cycle is adjusted to balance the
neutral point voltage. A proportional gain factor with respect
to the neutral point voltage can be thereby defined as

_ AVe2—=Ver)
{ Gnp = (Vea+Ver)

40

Then, the duty cycle for P vector can be 0.5d1 (1 — gy, ), while
for N vector is 0.5d1 (1 + gnp). For example, the duty cycle
of the positive small voltage vectors will increase once the
upper dc-link capacitor voltage V.o is greater than the lower
dc-link capacitor voltage V.

IV. EXPERIMENT RESULTS
A. Experimental Setup

In this section, to better validate the properties of the
proposed method, experiments of the conventional TVMPC
, ultra-local model MPC with ESO (ULM-ESO) [45], and the
proposed method in one PMSM system were carried out. The



TABLE I
PARAMETERS OF THE PMSM PLATFORM.

Parameters Value  Unit
Pole pair (p) 4

Rated power (Pp,) 1.5 kW
d-axis inductance (L) 1.95 mH
g-axis inductance (L) 1.95 mH
Stator resistance (Rs) 0.65 £
Rotor flux linkage (o) 0.135 Wb
Sampling time (7%s) 100 us

PMSM test platform is shown in Fig. 7. The oscilloscope is
the high performance Rigol DHO1204. The three-level NPC
inverter and the MicroLabBox dSPACE 1202 are adopted to
execute control algorithms. The load torque is provided with
the help of a magnetic powder brake. The parameters of the
PMSM and the controller are listed in Table I.

B. Steady-state Performance Evaluation

Since the steady-state performance can be used to evaluate
the controller’s noise suppression and tracking ability, the
steady-state performance of the three controllers is first tested
at different rotor speeds. In order to make a fair comparison,
the bandwidths of the UML-ESO are set to 100 Hz and 400
Hz, respectively. In addition, the total harmonic distortion
(THD) is used to measure steady-state performance and the
load torque is set to 5 Nm. It can be seen from Fig. 8 and
Table II that under the condition of 100 RPM, the THD
of the TVMPC is 2.76%, ULM-ESO with w,, = 100Hz is
4.67%, and ULM-ESO with w,, = 400Hz is 4.43%. Increasing
the bandwidth of the ESO can effectively suppress external
disturbances and achieve better current tracking performance,
but it also amplifies high-frequency noise [35]. However, the
proposed controller significantly reduces the THD to only
2.47%. When the rotor speed is increased to 1000 RPM, it
can be seen from Fig. 8 (f), (g) and (h) that the THD of the
TVMPC changes to 4.24%, ULM-ESO with w,, = 100Hz is
7.12%, and ULM-ESO with w,, = 400Hz is 6.83%., while
the THD of the proposed controller still remains significantly
lower than that of the ULM-ESO, at only 4.72%.

Furthermore, in order to verify the validity of the proposed
current predictor on measurement noise suppression and the
proposed adaptive control method, different value of as are
forced to evaluate the steady-state performance. It can be seen
that under 100 RPM rotor condition, the THD increases as the
value of a9 increases. When ao = 0.3, the THD is 2.50%, and
it rises to 3.32% when a, = 0.6. Similar results are observed
at 1000 RPM, where the THD is 4.87% when as = 0.3 and
increases to 5.07% when ay = 0.6. Frequency-domain noise
suppression analysis for different value of as are shown in
Fig. 9. It can be observed that as ay increases, the proportion
of high-frequency components gradually increases. Therefore,
the proposed adaptive control method and the coefficient as
can enhance the system’s noise suppression and smooth the
current.
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Fig. 8. Steady state performance evaluation in different rotor speed conditions.
(a) TVMPC with 100 rpm rotor speed. (b) ULM-ESOC with 100 rpm rotor
speed and w, = 100Hz. (c) ULM-ESOC with 100 rpm rotor speed and
wpn, = 400Hz. (d) Proposed method with 100 rpm rotor speed. (e) Proposed
method with 100 rpm rotor speed and az = 0.3. (f) Proposed method with
100 rpm rotor speed and a2 = 0.6. (g) TVMPC with 1000 rpm rotor speed.
(h) ULM-ESOC with 1000 rpm rotor speed and w, = 100Hz. (i) ULM-
ESOC with 1000 rpm rotor speed and w, = 400Hz (j) Proposed method
with 1000 rpm rotor speed. (k) Proposed method with 1000 rpm rotor speed
and a2 = 0.3. (1) Proposed method with 100 rpm rotor speed and as = 0.6.

C. Neutral Point Voltage Balance Evaluation

The DC-capacitor voltage of different methods under ref-
erence speed step scenario is provided in Fig. 10. It can be
seen that the neutral point voltage can be well balanced in
all operation conditions and thereby the effectiveness of the
proposed method is verified.

D. Dynamic Response Performance Evaluation

Conventional MPC has been widely noticed and used be-
cause of its fast dynamic response. Hence, the experiments of



TABLE II
STEADY-STATE COMPARISON OF CONTROLLERS UNDER DIFFERENT SPEED.

Controller Speed (rpm) THD (%)
TV-MPC 100 2.76
ULM-ESO with w, = 100Hz 100 4.67
ULM-ESO with w,, = 400Hz 100 4.43
Proposed controller 100 247
Proposed controller with az = 0.3 100 2.50
Proposed controller with az = 0.6 100 3.32
TV-MPC 1000 4.24
ULM-ESO with w, = 100Hz 1000 7.12
ULM-ESO with w, = 400Hz 1000 6.83
Proposed controller 1000 4.72
Proposed controller with az = 0.3 1000 4.87
Proposed controller with az = 0.6 1000 5.07
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Fig. 9. Frequency-domain noise suppression analysis for different value of
a2. (a) adaptive control. (b) a2 = 0.3. (¢) a2 = 0.6.

dynamic response are carried out in this section. The reference
rotor speed is creased from 500 rpm to 1000 rpm, and the load
torque is kept constant during the transient. The dq-axis current
and speed waveform are shown in Fig. 11. It can be seen
that the TVMPC has the shortest response time (1.7 ms) and
has no overshoot compared to other controllers. ULM-ESO

Vier o (BV/div)

\

Vier,2 (5V/di”)

T — —

Fig. 10. DC-link capacitor voltage of the proposed method under steady state.
(a) 100 rpm. (b) 1000 rpm.
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Fig. 11. Dynamic response performance evaluation (500 rpm to 1000 rpm).
(a) TVMPC. (b) ULM-ESO with w, = 100Hz. (c) ULM-ESO with w,, =
400Hz. (d) Proposed controller.

with w, = 100Hz has the longest response time. Although
increasing the bandwidth of the ESO can improve the response
perofmrance, it also introduce a certain degree of overshoot
(30%). The proposed controller achieves a short response time
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Fig. 12. Disturbance rejection performance evaluation. (a) TVMPC. (b) ULM-
ESO with wy, = 100Hz. (¢) ULM-ESO with w, = 400Hz. (d) Proposed
method.

(3.9 ms) while maintaining a low overshoot (3%). Hence, the
fast dead-beat response using the conventional dead-beat volt-
age prediction can be also achieved by the proposed controller.
In addition, the proposed controller exhibits smoother current
compared to other methods, which indicates a stronger noise
suppression ability.

E. Disturbance Rejection Performance Evaluation

Disturbance rejection ability is a key factor in control
systems, which is why the ESO and active damping have been
widely used. Hence, the experiment of disturbance rejection is
carried out in this section to validate the disturbance rejection
and the ability to balance the coupling between the noise sup-
pression and disturbance rejection. The external disturbance
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Fig. 13. Parameter robustness performance evaluation. (a) TVMPC with
the inductance mismatch. (b) ULM-ESO with the inductance mismatch. (c)
Proposed controller with the inductance mismatch.

is generated by a sudden back electromotive voltage change
in the feedforward path of the current loop. In order to make
a fair comparison, the bandwidths of the UML-ESO are set
to 100 Hz and 400 Hz, respectively. It can be seen from Fig.
12 that the TVMPC exhibits pronounced current oscillations,
along with a noticeable current offset. In ULM-ESO, as
the bandwidth increases, the system’s disturbance rejection
capability is enhanced, and both the amplitude and duration of
current oscillations are significantly reduced. However, since a
higher bandwidth amplifies high-frequency noise, a noticeable
decrease in current smoothness can be observed. Compared
to other controllers, the proposed controller exhibits the best
disturbance rejection capability and the smallest current oscil-
lations, while also achieving the highest current smoothness.
Therefore, it can fully illustrate that the proposed controller
can decouple the coupling issue between disturbance rejection
and noise suppression effectively.

F. Parameter Robustness Performance Evaluation

In practical operating conditions, the inductance parameters
vary with changes in current due to magnetic saturation.
Therefore, it is necessary to conduct parameter robustness
experiments. It should be noted that the parameters in the
controller are adjusted to simulate the parameter mismatch



TABLE III
EXECUTION TIME OF DIFFERENT MPC METHODS.

Controller Turnaround time
SV-MPC 21.2 ps
TVMPC 23.7 ps
ULM-ESO 23.8 us
Proposed Method  24.0 us

condition. In the case of reduced inductance, i.e., suddenly
setting the inductance parameter in the controller to 1.5 times
the motor’s initial inductance, it can be seen from Fig. 13 (a)
that after parameter mismatch occurs, the d-axis current of
TVMPC exhibits a slight offset, and the current smoothness
deteriorates. Current oscillations occurred with both the ULM-
ESO and the proposed controller, but the system rapidly
returned to steady state in each case. It is noteworthy that the
magnitude of oscillations with the proposed controller was
significantly lower than that observed with the ULM-ESO.
Hence, the proposed controller can achieve better parameter
robustness performance compared to the TVMPC and ULM-
ESO.

G. Execution Time Evaluation

The execution times of four MPC methods on the dSPACE
controller were evaluated, as summarized in TABLE III. The
turnaround time for the single vector MPC (SV-MPC) method
is 21.2 us, whereas the TVMPC methods exhibit an increase
of approximately 2.5 ps due to the additional computation
required for more voltage vectors . Notably, the proposed
method introduces only a slight increase in computational cost,
which is negligible when compared to the TVMPC and ULM-
ESO. Therefore, it can be fully validated that the proposed
method has low computational burden and can be utilized in
practice.

V. CONCLUSION

This study presents a novel robust MPC strategy for electri-
cal drive systems, aiming at the enhancements in both distur-
bance rejection and noise suppression. The proposed controller
consists of three key components: First, an active resistance
feedback term was incorporated into the triple-vector MPC
framework as an alternative to the conventional extended state
observer, resulting in better disturbance rejection capabilities.
Second, a novel discrete-time current predictor was developed
to achieve an independent current estimation, with analytical
results confirming that noise suppression can be effectively op-
timized through precise adjustment of the current predictor co-
efficient. Third, an adaptive parameter adjustment mechanism
based on tracking error was implemented to ensure both rapid
tracking response and excellent steady-state performance.

Comprehensive comparative evaluations were conducted on
a PMSM drive test bench, comparing the proposed controller
with conventional ESO-based MPC. The experimental results
revealed that: (1) In steady-state performance evaluation, the

proposed controller demonstrated superior total harmonic dis-
tortion (THD) characteristics compared to ULM-ESO, effec-
tively addressing the coupling issue between disturbance rejec-
tion and noise suppression; (2) Dynamic response evaluation
showed that the proposed controller maintains comparable
dynamic performance to tvMPC and ULM-ESO while preserv-
ing the fast dead-beat response characteristic; (3) Disturbance
rejection tests indicated that the proposed controller exhibits
smaller average oscillation amplitudes than TVMPC and
ULM-ESO; (4) Parameter robustness analysis confirmed the
controller’s insensitivity to inductance variations, maintaining
stable performance under parameter deviations. The proposed
controller exhibits three distinctive advantages: enhanced noise
suppression capability, rapid dynamic response characteristics,
and robust parameter insensitivity. These features make it
particularly suitable for electric vehicle applications where
high-performance motor control is essential.
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