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14bstract- Model predictive control (MPC) has recently been
considered in permanent magnet synchronous motor (PMSM)
drives due to its rapid dynamics and simple structure. However,
conventional MPC utilizes only a single voltage vector per control
cycle, and the prediction model relies heavily on the motor
parameters. Hence, substantial current ripples and poor
disturbance rejection have largely limited its adaptability to a
variety of environment conditions. This paper presents a novel
double vector MPC (DV-MPC) scheme for three-level inverter
fed PMSM drives. To reduce the computational complexity of
DV-MPC, the cost function is derived with the reference voltage
by employing the dead-beat approach, and the inverter’s neutral
point potential is balanced using the complementary small
voltage vectors. The dead-beat voltage prediction model is
further enhanced by incorporating an active damping framework
and an extra coefficient to enhance the robustness against
parameter variations and disturbance rejection. Moreover, a
robust current predictor is designed for the delay compensation.
The proposed method is straightforward to implement, and
achieves strong disturbance rejection and parameter robustness
with a fast dynamic response. Experimental results demonstrate
the effectiveness of the proposed method.

Index Terms- AC motor drive, double vector, model predictive
control (MPC), robustness, three-level inverter.

1. INTRODUCTION

Motivated by the challenge to attain carbon neutrality and
net-zero emissions in the civil aviation sector by 2050,
industrial and academic researchers’ interest has gradually
shifted from the conventional internal combustion engine to
the full electric aircraft design [1], [2]. Owing to advantages in
higher efficiency and lower harmonic distortion, three-level
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inverters have gained prominence in high-power AC machine
drives, such as electrical propulsion systems for aviation [3],
[4]. To meet the demands for fast dynamic response and high
steady-state precision, various current controllers have been
developed for electric propulsion systems. The most
commonly used methods during the last few years include the
hysteresis control, proportional integral (PI) control, and
model predictive control (MPC) [5].

Hysteresis control achieves rapid dynamic response,
inherent robustness, and straightforward implementation [6],
[7]. Nevertheless, the wvariable switching frequency and
significant current ripple of hysteresis control render it
unsuitable for precision-demanding electrical propulsion
applications. The PI current controller is commonly employed
with the field-oriented control architecture within synchronous
reference frames, which typically requires an external
modulation stage. While its parameters can be conveniently
designed using the internal model control (IMC) principle [8],
the controller struggles to address system nonlinearities and
disturbances. These shortcomings lead to compromised
dynamic performance under high-bandwidth conditions,
manifesting as current overshoot and oscillations [9], [10],
which may negatively impact electric propulsion systems with
high dynamic response requirements.

Recently, model predictive control (MPC) has been
developed remarkably and is shown tremendous potential in
high-power motor drive applications, due to its multi-objective
and constraints handling ability [11], [12]. Based on the
established model, MPC can predict the future system states
and outputs, where the two branches, i.e. the continuous
control set MPC (CCS-MPC) and finite control set MPC
(FCS-MPC), have been derived subjecting to type of the
output [13]. The FCS-MPC explicitly accounts for the
inverter’s nonlinear voltage outputs, enabling direct switching
state calculation without external modulator, which thereby
presents superior dynamic response [14], [15].

Thanks to the intuitive design and simple implementation,
FCS-MPC becomes more favored than the CCS-MPC, and
numerous studies working for FCS-MPC with three-level
inverter drive applications can be found in recent literatures
[16]-[18]. Nevertheless, FCS-MPC demands extremely high
sampling frequency for low current harmonics, which is not
applicable for all microprocessors [19]. Unless operating with
a very low inverter switching frequency, the steady state
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performance of FCS-MPC can be inferior than the field-
oriented control with PI current controller for [20]. To solve
this issue, the concept that include multiple voltage vectors
into one control cycle was introduced [21]. In this method,
more than one voltage vector will be selected with the defined
cost function, and the dwell time for each vector is calculated
to minimize either the current [22]-[24] or the torque errors
[25]-[26]. Furthermore, the calculation of voltage vectors was
simplified based on the reference voltage cost function, using
the dead-beat approach [27]. This simplicity method can
prominently reduce the computational costs in three-level
inverters [28]-[30].

However, since the accuracy of dwell time calculation
strongly relies on the prediction model, multi-vector MPC
becomes highly sensitive to parameter variations in the
permanent magnet synchronous motor (PMSM) model [31]. In
addition, the unmodeled external disturbance may constantly
occur with different operation conditions regarding the various
environment, which can further deteriorate the control
performance. Only the feedback error regulation cannot
change the low stiffness of the model plant and damping
characteristic, resulting in insufficient external disturbance
rejection ability.

Due to the simple structure, the active damping method is
proposed for the current loop to improve the disturbance
rejection [32], [33]. However, the active damping is mostly
reported in FOC frameworks, while few researches investigate
the application with MPC architectures. The MPC with
extended state observer has been widely adopted to
compensate for model uncertainties [34]-[36]. This approach
treats external disturbances and parameter variations as a
lumped disturbance, which can be further estimated by various
of observers. However, a relative higher bandwidth or a higher
observer order are required to enhance the estimation accuracy
and disturbance rejection ability. As a result, all types of the
system noises will be inevitably amplified [37]. Hence, MPC
with observer may not be universal for all kinds of drive
applications, especially for the low noise application.

In this paper, the active damping framework and a
coefficient for additional control degree of freedom are firstly
introduced to DV-MPC, retaining the fast dynamic response
and significantly improve the disturbance rejection capability.
The key contributions can be summarized as follows:

1) A simple double vector MPC is developed for a three-
level inverter fed PMSM drive. The computational complexity
can be largely decreased by a voltage-based cost function and
simplified dwell time derivation. Furthermore, the switching
sequence that considers the neutral point potential balance is
derived, enabling straightforward implementation.

2) In order to improve the disturbance rejection, anti-
parameter mismatch ability, and streamline the design process
simultaneously, the effects of parameter mismatch on the
MPC performance are analyzed in detail. An active damping
framework and a coefficient for additional control degree of
freedom are incorporated into the prediction model in DV-
MPC for the first time. The selection and impact of these three
coefficients are comprehensively studied, demonstrating that

DC-bus Phase ¢
Phase b
A P Phase a
il co sad
\a dc &
Ver ==¥
fe]
iy,
Vie -71'41)2\1]{ Sard
Cdl‘
D4
._V

Fig. 1. Circuit topology of a 3-level inverter NPC inverter fed PMSM.

the proposed approach achieves not only strong robustness
and disturbance rejection but also deadbeat responses.

3) A simple current estimator is introduced to compensate
for controller delays. Unlike the MPC with observer, the
current estimator offers a new degree of freedom for the
tradeoff between dynamic response and noise components,
which does not affect the disturbance rejection performance.

4) The proposed method is experimentally validated on the
NPC inverter-fed PMSM drive platform, and its performance
is comprehensively compared with conventional methods.

II. SYSTEM MODELING AND CONVENTIONAL FCS-MPC

A. Model of NPC Inverter and PMSM

Consider a simplified circuit topology with a PMSM fed by
3-level neutral point clamped (NPC) inverter, as the one
illustrated in Fig. 1. In this figure, v denotes the DC-link
voltage; v.1 and v are the voltage for upper and lower
capacitor, respectively. i,, denotes the neutral point current. i,
i», and i. are the three phase currents of the PMSM. The red
arrows in Fig. 1 indicate the positive current direction. The
switch position of the NPC inverter can be defined as

uz[ua u, uc]r, (1)

where u# can be seen as the voltage vector in the stationary
reference frame. Each element u, {u,e(-1, 0, 1)} in the voltage
vector represents the normalized output voltage of x {xe(a, b,
c)} phase, corresponding to the original output phase voltage
(-vac 12, 0, vae /2). Accordingly, 27 alternative voltage vectors
are derived from the 3-level NPC inverter.

Since that the PMSM is normally controlled in the
rotational dg frame, the inverter’s output voltage vector can be
transformed into the dg-axis voltage by
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where uq=[uq ug]” represents the inverter output voltage, and
uq and u, are the corresponding dg-axis voltages. K denotes
the matrix that transforms the variables in the stationary frame
into the rotational frame. 6, is the electrical angle for PMSM.

The neutral point (NP) potential of NPC inverter should be
modeled for its balancing. Firstly, the NP potential denoted by
vnp can be obtained based on the capacitor voltage, yielding

1
vnp = E(VCZ _vcl ) > (4)
Then, according to the phase current i, {xe(a, b, ¢)}, and
the normalized phase voltage u,, the dynamic of NP current
can be derived as

i,= 2 (-,

xs(a,h,c)

u

X

). )

The relationship between NP potential and NP current is
given by
dv, 1 . 6
= — 1 ,
dt 2Cc, " ©)
where Cy. represents the capacitance of each capacitor. Based
on (5) and (6), we have
dv 1
no_ l ,
4 2C, m(;,c)( ) )
The PMSM model based on the rotational dg synchronous
frame can be simplified by ignoring the inverter nonlinearity,
cogging torques, etc. Hence, the ideal voltage equation of the
PMSM can be expressed as

i, = Ai, +Bu, +D, (8)

where is=[is i;]7 represents the stator current in the dg
synchronous frame. The matrices in (9) are given by

u

x
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where iz and i, are the stator currents; R; is the stator winding
resistance; Ly and L, are the stator inductances; yy is the flux
linkage of the permanent magnets; and w, represents the rotor
electrical angular speed.

B. MPC With Voltage-based Cost Function

Based on (8), the dg-axis current at next time instant is
normally predicted with the forward Euler discretization
method, yielding

iy, (k+1)=(I+AT,)i, (k)+BTu, (k)+DT,, (10)

where T, denotes the sampling period, and & indicates the
present time instant of the controller. Due to the exhaustive
searching of FCS-MPC, (10) have be calculated by utmost 27
times (if no switch constraint is implemented), leading to a
high computational expense. Hence, the reference current
tracking can be normally converted into the reference voltage
tracking by adopting the dead-beat MPC approach, which
avoids the current prediction during the iteration, and can be
equivalent to the current tracking form. The calculation is
given as

uy, (k+1)=B"'7'[i}, (k+1)~(I+AT)i, (k+1)-DT, |,
(an

where the superscript * denotes the variable with a reference
value. In (11), the measured current is compensated by one
sampling period considering the controller’s execution time
delay. Hence, the current at (k+1)™ instant is calculated by (10)
using the voltage at last (k)™ instant.

Based on (7), NP potential of the inverter can be predicted
in the discrete formulation as

T
vy (k1) =v,, (k)+ 22— > (i,

de xe(u,b,c)

u

X

), (12)

The number of switch transitions is defined to penalize the
average switching frequency. For each candidate vector from
the available set, the number of switch transitions from its (k)™
state to (k+1)™ state for the three phases is obtained by

Au(k+1) = |u(k+1)-u(k)|, (13)

where Au represents the number of voltage level changes for
the new vector to be enumerated.

The cost function can be constructed with three control
objectives: reference tracking, NP voltage balance and average
switching frequency penalization, which is expressed as

J = ”u;q (k+1)-u, (k+ 1)"2 +4 "v"p (k+ 1)" +4, ||Au (k+ 1)|| ,

(14)
where A, and A, represent the weight factors, and is to adjust
the priority of their corresponding control objectives.

The conventional MPC method discussed above suffers
from two major limitations that adversely impact the PMSM
control performance. First, only a single voltage vector is
applied during each sampling period, which is insufficient to
effectively track the reference with low errors. This drawback
becomes even pronounced with the high average switching
frequency operation (i.e., when Az is too small). Second, the
prediction model exhibits high sensitivity to parameter
variations and external disturbances. The model mismatch in
(10) and (11) can significantly degrade the control performance.
To address the aforementioned two challenges, a simple DV-
MPC with and enhanced dead-beat structure is proposed in the
following section.

III. PROPOSED METHOD

A. Double Vector MPC

1) Voltage vector selection: The optimal voltage vectors are
determined through the plain reference tracking cost function
without weight factors, which can be expressed as follow:

Ty =g, (k+1) =y, (k+1)|., (15)

where J, is norm of the difference between reference voltage
and candidate voltage, indicating the geometric distance
between these two variables.

The three-level NPC inverter can produce 19 kind of voltage
vectors regardless of the redundant zero and small voltage
vectors. By minimizing the cost function value with the 19
candidate voltage vectors, the optimal vector Ve, and the
second optimal vector Vope can be determined.
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Fig. 2 gives an example of the optimal voltage vector
selection principle. V1 is the zero voltage vector; V2-V7 are
the small voltage vectors, and the redundant vector with the
same voltage output is marked as P and N; V8-V13 are the

medium voltage vectors; V14-V19 are the large voltage vectors.

The reference voltage u,, will locate in either of the triangular
sector, and each sector can be further divided into three zones
by the green dashed lines. Based on the smallest distance
principle, the value calculated by the cost function in (15)
equals to the length of red dashed line in Fig. 2. In this case, V2
is the nearest voltage vector to the reference, and V8 is the
second nearest one. According to Fig. 2, the selected two
vectors can always be adjacent to each other, and both vectors
are the active vectors that can be either zero or non-zero vector.

2) Duty cycle calculation: The duty cycle for the two
optimal voltage vector has the following relationship:

d+d,=1, (16)
where d\, d> are the duty cycle of the optimal vector Vopii Vopro,
respectively.

The synthesized voltage can move along the line between
the selected two vectors by adjusting their duty cycle. Thus, the
synthesized voltage uj,’ can be expressed as

uy,' (k * 1) =d, (k+1)udql (k + 1)+d2 (k * l)udqz (k + 1) > (17)

where uapn and wuag2 are the dg voltage of the selected optimal
voltage vectors.

The theoretically optimal synthesized voltage vector should
have the smallest distance to the reference voltage u,. By
substituting (16), (17) into (15), the optimal duty cycle can be
derived with 0.J,/0T1 = 0, yielding

(ud (k+1)—u,, (k+ 1))(ud1 (k+1)=u,, (k+1))
ot (k4 1) =0, (e + 1)||j

() (k+1) =1,y (k+1))(u, (k+1)=u,, (k+1))
Jots (1) =, (K4 1) '

d (k+1)=

+

(18)

However, the calculation of the theoretically optimal dwell

time is too complicated and computationally expensive. To

simplify the calculation, the optimal duty cycle for the two

voltage vectors can be calculated based on the value of the cost
function without sacrificing too much accuracy, which derives

opt2
=J2—
optl opt2
S+ T,
opt1
= JZ—
Joptl +J0pt2 4
2 2
optl

where J; and are the value of the two selected optimal
voltage vectors, as showing in Fig. 2.

3) Switching sequence considering NP potential balance:
The NP potential can be balanced based on the redundant small
voltage vector pairs, which share the same voltage output with
opposite NP current direction. The P type vectors can decrease
the NP potential v,,, while the N type vectors will increase v,,.
The type of the selected small voltage vector can be determined
based on the sign of NP potential, and the switching sequence

(19)

opt2
2

Fig. 2. Selection of optimal voltage vectors.

TABLE I. Pulse generation with different voltage vectors

Vop1 for phase x Vop2 for phase x Duty cycle Duty cycle
{xe(a, b, c)} {xe(a, b, c)} of Sy of Sy
1 1 Ts T
1 O Tl Ts
0 1 T 2 Ts
0 0 0 T,
0 -1 0 T,
-1 0 0 T,
-1 -1 0 0

will be adjusted accordingly. The control algorithm can be
described as follows:

Step 1: Identify the two selected optimal voltage vectors. If a
small voltage vector is chosen, the sign of v,, will be
determined. A P-type small vector will be utilized if v,, is
negative; otherwise, an N-type small vector will be adopted.

Step 2: Determine the voltage levels of the two voltage
vectors for each phase and assign the corresponding duty
cycles to the switches. TABLE I summarizes the duty cycle
assignment method, where seven cases are identified for each
phase.

B. Robust Dead-Beat Structure with Active Damping
Traditionally, the transfer function of PMSM and the
deadbeat voltage prediction model can be derived based on (10)

and (11), which is given as:
i,(z) BT
Gpd (Z) = “ ( ) =

S

udq(z)_z—l

T . (20)
ol a
God (Z) z—1 pd(Z) B BT; H
where Gy4(z) is the transfer function of the plant and Geu(z) is
the controller’s transfer function with the deadbeat approach.
Herein, a is the bandwidth and is fixed as 7', giving the rapid
dynamic response for the deadbeat voltage prediction.
However, due to the PMSM model reducing to a pure
integrator in this configuration, the disturbance rejection
capability is significantly weakened, and the system
performance becomes highly sensitive to parameter variations.
Generally, the look-up-table, online parameter identification
methods, and the extended disturbance observers (ESO) can be
applied to improve the disturbance rejection and overcome the
parameter mismatches. However, all the above methods require
a complex design process, and the initial inductance parameter
meters in controllers are still needed in the ESO [35].
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In this case, an enhanced structure for voltage prediction
including a simple coefficient with active damping framework
is built. The design and analysis of the proposed structure is
shown as follows: First, considering the one step delay caused
by the execution time, the discrete transfer function of the
PMSM model (8) can be presented as follows:

”d

GPI(Z): ldq( ) =Ll

. 21
z[ (z-1)I-AT | @1
Based on (21), a current controller can be simply designed
through the IMC principle as follows:
aT,
G,(z2)=——=-G"'(2),

a(2) o) . (2) (22)
From equations (10) and (11), it is evident that the accuracy
of FCS-MPC is highly sensitive to parameter mismatches.
Thereafter, in order to quantify the prediction error due to
parameter variation and introduce the proposed framework, the

PMSM model under parameter mismatches is derived as:

w,=B'i, -B'Ai,-B'D +E,, (23)

E,=(B"-B)i,~(B"'4-B'A,)i,-(B'D,-B'D),

24)
where A., B., and D, are the matrices adopted in the controller;
Eg4, denotes the distortion voltage caused by the parameter
mismatch. It can be observed that parameter mismatches will
introduce a differential term with high frequency component.
The high-frequency component will amplify disturbances and
cannot be suppressed effectively.

In this case, in order to suppress all the disturbance caused
by the parameter mismatch, a feedback term = = R I and the
parameters 0 are developed to reconstruct the PMSM model
virtually to suppress the parameter mismatch in FCS-MPC.
The command tracking closed-loop transfer function can be
derived as follows:

iy (Z) G, (Z)Gﬂl (Z)
G,(z)= i, (2) - 1+2G,(2)G, (z)
B [(z-)I-AT]
B [Cran] .

Terml Term2

B [(z-1)I-4T] T]
B, [(z-1)1-41] AT]
Tom! T

It can be seen from (25) that Terml and Term2 cannot be
effectively eliminated when the parameter mismatch occurs, in
which Term1 relates to the inductance and Term?2 is influenced
by resistance. Motivated by this fact, the parameter J is
designed to suppress the parameter mismatch in terml, i.e., o
equal to the reciprocal of term1, 6=B.B'.

In matrix 4. and 4 of Term2, the value of L,./Ls. and Li/L, is
expected to be constant. For a surface-mounted PMSM, we can
assume Lq/L;~L,/La~=1. Therefore, it is reasonable to neglect
the distortion of cross-coupling terms w,L,L; and w,L.L, due
to parameter mismatches. However, the resistive drop terms
—R,L; and —R,L; cannot be neglected when the parameter

zZ(z=1+al, —

mismatch occurs. Therefore, the feedback term = = R, can be
introduced into the controller to eliminate this term, i.e.,
decoupling the effects of the resistance value R,. In this manner,
the PMSM’s transfer function G,»(z) and the corresponding
controller transfer function G.2(z) can be reconstructed with

ldq( ) BT,

G — s
= (2) u,(z)  z[(z=1)I-MT, ]
T (26)
a
G =0 s G
c2 (Z) Z(Z_l) P2 (Z) >
) Lo,
Ld
where M =
Lo, 0
Lq
The closed loop transfer function of (26) can be derived as:
G G
G, (z)= 2 (2)G., (Z)s
1+:2G,, (Z)GL,2 (Z)
, @7)
= 5BB' et

z[z -1+ aY}_é’BBC’I] ’

Based on (27), the closed loop transfer function can be
rewritten as Gen(z)=z2, when the deadbeat prediction approach
with a=T;' is applied. It can be seen that there are two control
cycles between the reference current and the actual current.
Nevertheless, when parameters mismatch occurs, i.e., B # B.. 0
should eliminate the distortion induced by the inconsistency
between B and B., suppressing the effects due to parameters
mismatch and maintaining the deadbeat responses.

To further enhance the disturbance rejection ability with the
dead-beat voltage prediction, the transfer function of
disturbance to the current responses should be analyzed. Hence,
the disturbance rejection transfer function can be derived by

Gy ()
Gy, (Z) - 1+ Zsz (Z)Guz (Z)

_ BT.(:-1)
z[(z-1)1-MT, |(z-1+aT,)’

It can be seen from (28) that Gyi(z) provides a peak point
with very high gain at the resonant frequency, resulting in
significant performance degradation in disturbance rejection
ability. In this case, a virtual term zfB"' is introduced to
reconstruct the PMSM model to improve the disturbance
rejection capability. The feedback term is composed of three
parts: one-step lead operator z, coefficient f and the constant
B'. In this way, the transfer function of the discrete-time
PMSM model G,3(z) with feedback terms and its controller
G.3(z) based on IMC principle can be presented as follows:

idq(z) _ BT,

(28)

G,(z)= = £

p ( ) udq(z) zI:(z—l)I—MTv +ﬂT\,I:| 29)
I,

G ()= 5012
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Fig. 3. Bode diagram of disturbance rejection ability with different value of j.

By reconstructing the virtual PMSM model, the disturbance
rejection capability can be enhanced compared with the
transfer function G4 (z), which is expressed as:

Gp3 (Z)
)16 2620
) BT (:-1)
B z((z=1)I-MT, + BT.I)(z-1+aT,)

Fig. 3 illustrates the bode diagram which compares the
disturbance rejection capability of the controller using (28) and
(30). By introducing the active damping framework and
adjusting the coefficient f5, the disturbance rejection ability of
the system can be greatly enhanced. It is noted that different
from the extended state observer, f in the proposed structure
only determines the disturbance rejection ability and does not
affect the dynamic response of the current. Nevertheless, Since
the two disturbance rejection transfer functions are different,
the detailed performance will be verified in the experiment.

Based on the stability rule: the poles of the transfer function
are located in a unit circle, limiting the range of # with [0, 7.'].
It should be noted that although increasing S can enhance the
disturbance rejection ability at low and medium frequencies,
the disturbance rejection capability at high frequencies could
be reduced. Moreover, S should be selected considering the
system noises in practical applications.

In order to reduce the computation burden, the voltage
prediction can be implemented as follows:

ey, (k) =i, (k) =i, (k+1)

P, (k)=adB e, (k)

0, (k)=adB (BT.I-MT,)e,, (k)

T, (k)=0, (k-1)+T, (k-1)

u, (k)=P, (k)+T, (k)-D—i, (k+1)(B'B-Z).

Compared with conventional dead-beat prediction with (11),
an extra integral term for disturbance rejection and a new
coefficient for anti-parameter mismatch have been included in
(31). Here, a is set as 1/T; to achieve the dead-beat response.
By setting =0, and J=1, (31) can be equivalent to (11).

(30)

1)

C. Delay Compensation Using the Current Estimator

From (31), it is seen that the calculation of the reference
voltage requires the predicted dg-axis current in (10) to
compensate the controller delay. However, the accuracy of
predicted current is prone to be affected by the parameter
variation, which thereby degrades the control performance. In
this case, a simple current predictor is developed to control the
dynamic response of the current and lower the parameter
sensitivity independently.

In order to obtain the predicted directly, the predicted current

zi,, (z) is considered as the output of the plant, last instant dg-

axis voltage z"'uq,(z) and two feedback terms are considered as
disturbance, and the distorted voltages caused by parameter
mismatch #4,(z) are considered as input of the plant. Hence,
the transfer function of the PMSM model with feedback terms
Gpp(2) in the current predictor can be derived as follows:

z, (z BT
Gpp (Z) = 71dq( ) = ] o ] : (32)
2w, (z) I-z'1-z"'MT +z"' BT 1

Based on the IMC principle, the controller in the current
predictor can be designed as

oTl.z

ch(z):ZG,f,,' (),

where o is the bandwidth of the current predictor. It should be
noted that a larger o can enhance the current dynamic response,
while at the cost of a larger amount of noises. Compared to
MPC using the ESO, the noises can be attenuated by tuning ¢
without influencing the disturbance rejection ability, while
ESO can only adjust the observer bandwidth. Subsequently, o
should be selected based on the actual noise level.

The superposition theorem in this system includes both the
disturbance closed-loop transfer function and the command
tracking closed-loop transfer function, i.e. the sum of
feedforward and disturbance paths. Hence, through the
superposition principle, the current predictor output z'ua(z)
can be obtained (the sum of the input signal effect and the
disturbance signal effect) as follows:

¥ . Gczl (Z)GPP (Z)
iy, (2) =i, (2)- 142G, (2)G, (2)

(33)

G, ()
142G, ()G, ()
[z']udq (z)+i, (z)(5+ﬂ3)]37; (1-2)

I-z'1-z"MT +z'BT.1

+[z'1udq (z)+ idq (z)(E + ﬁB)]

:idq (z)+

(34)
The current estimation method can be implemented by
replacing the predicted current calculated from (10) with

zi 4, (2) , and combining it with the feedback terms.

D. Implementation of the Control Algorithm

The block diagram of the proposed method is illustrated in
Fig. 4. In summary, the control algorithm can be implemented
by 5 key steps, as presented below:

Step 1: The one-step delay of measured current is
compensated using the current estimator.
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Fig. 4. Block diagram of the proposed method.

TABLE II. Parameters of the control system in experiment

Parameters Value Unit
Rated power (Px) 1.5 kw
Rated current (Iy) 7 A
Rated Speed (N,) 2000 r/min

Pole pairs (p) 4 N/A
Stator resistance (Ry) 0.65 Q
d-axis inductance (L) 1.95 mH
g-axis inductance (L,) 1.95 mH

PM flux (w) 0.135 Wb
Sampling time (7}) 100 us

Step 2: The reference voltage is computed using (30), based
on the reference current and the estimated current.

Step 3: Two optimal voltage vectors are selected via the
exhaustive search of the cost function.

Step 4: The optimal duty cycle of the two active voltage
vectors is calculated.

Step 5: The small voltage vector type is determined for NP
balancing, followed by switching sequence adjustment and
pulse generation.

VI. EXPERIMENTAL DEMONSTRATION

The effectiveness and superiority of the proposed DV-MPC
is demonstrated on the platform depicted in Fig. 5. The
parameters of the control system are summarized in TABLE II.
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DV-MPC-L. (e), (f) DV-MPC-IL (g), (h) DV-MPC-IIL.

The dSPACE MircroLabBox has served as the controller for
the PMSM powered by a three-level NPC inverter, and the load
torque is implemented with a magnetic powder brake. To
comprehensively evaluate performance of the proposed method
(DV-MPC-III), the conventional single vector MPC (SV-MPC),
the DV-MPC (DV-MPC-]), and the DV-MPC with ESO (DV-
MPC-II) have been compared in this section. To achieve same
dynamic response and make a fair comparison, both the
observer bandwidth of DV-MPC-II the coefficients f in DV-
MPC-III are set as 0.1/7; (159 Hz), which can well balance the
tradeoff between the disturbance rejection capability and the
measurement noise suppression. o in DV-MPC-III is set as 1/T
(1591 Hz), which is the same as the dead-beat approach.
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TABLE III. Execution time of different MPC methods

Methods Turnaround time ADC Pulse Generation
SV-MPC 21.2 us
DV-MPC-1 25.4 s
DV-MPC-II 257 us 6.3 ps 7-Tps
DV-MPC-III 25.9 ps

A. Steady State Performance

This part evaluates the steady state performance in different
rotor speed conditions. In Fig. 6 and Fig. 7, the PMSM
operates in the steady state with 2.5 Nm load torque, while the
rotor speed is set as 500 rpm and 1000 rpm, respectively. All
method can well maintain the NP potential around O.
Compared with the conventional SV-MPC, DV-MPC can
significantly reduce the dg current ripples, and the current
harmonic distortion can be decreased by approximate 65% in
this case, demonstrating the effectiveness of the double vector
algorithm. Meanwhile, it is observed that DV-MPC-II and the
proposed DV-MPC-III can exhibit similar steady state
performance, but have a bit higher current THD compared to
DV-MPC-I when no or very subtle parameter mismatch
occurs. This is caused by the noises induced by the observer
and active damping.

In addition, comparing DV-MPC-I, DV-MPC-II and DV-
MPC-III, a subtle current tracking offset exists in DV-MPC-I,
because of the slight variation of the nominal parameters. This
slight offset can be well compensated in DV-MPC-II and
proposed DV-MPC-III.

® )
Fig. 8. Dynamic results with rotor speed stepped from 500 to 1000 rpm. (a),
(b) SV-MPC. (c), (d) DV-MPC-I. (e), (f) DV-MPC-IL. (g), (h) DV-MPC-IIL

B. 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 SV-MPC method is 21.2 us, whereas
the DV-MPC methods exhibit an increase of approximately 4
ps due to the additional computation required for the second
voltage vector and its corresponding duty cycle. Notably, the
proposed DV-MPC-III method introduces only a slight
increase in computational cost, which is negligible when
compared to the DV-MPC-I and DV-MPC-II methods.

C. Dynamic Performance

In this part, the dynamic performance with respect to the
reference speed step scenario has been evaluated, as shown in
Fig. 8. Herein, the reference speed steps from 500 to 1000 rpm,
and the load torque is kept constant during this transient. DV-
MPC methods have less NP voltage oscillation during this
transient compared to SV-MPC method, since the NP balance
is achieved during each control cycle. From the zoom view of
the dg currents, it shows that DV-MPC-II presents a little bit
slower current rising response due to the low observer response.
As a contrast, by setting o = 1/T}, the proposed DV-MPC-III
can achieve the same current responses as DV-MPC-I and SV-
MPC, which demonstrates that the fast dead-beat response
using the conventional dead-beat voltage prediction can be also
achieved by the proposed DV-MPC-III method.
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D. Robustness Performance

The robustness of the proposed method against parameter
mismatch is evaluated in this part. To this end, the steady state
performance, dynamic performance under parameter mismatch
and disturbance rejection performance is tested. In Fig. 9, the
PMSM operates in 500 rpm while the dg inductances of the
controller are suddenly changed from their nominal values to
the double time nominal values. It is observed that SV-MPC
and DV-MPC-I are very sensitive to the variation of inductance
value. As a comparison, DV-MPC-II can present better
performance due to the adopted ESO, but the current ripple
induced by parameter mismatch cannot be fully compensated.
For the proposed DV-MPC-III, the variation of inductance can
be well compensated, which thereby exhibits very strong
parameter robustness in the test results.

To further compare the robust performance of the proposed
method, Fig. 10 presents the dynamic performance with
reference speed step under severe parameters mismatch,
wherein the control parameters are set as 0.5R,, 2Ly and 2L,
respectively. From the comparison, it can be seen that
considerable current oscillation occurs with SV-MPC, DV-
MPC-I and DV-MPC-II, especially when the dg current is
recovering to the steady state. While for the proposed DV-
MPC-II, the dynamic performance is not distinctively
deteriorated under the multiple parameters mismatch condition.

The disturbance rejection ability is a critical factor in
evaluating the proposed method. Hence, the performances of
the external disturbance rejection with the four control methods
are evaluated in this part, which is illustrated in Fig. 11. Herein,
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the disturbance is implemented by a sudden change of the flux
linkage yy to its double time nominal value in the controller.
Since the disturbance rejection is not considered, significant
disturbances during the transient and a large current tracking
offsets can be observed for SV-MPC and DV-MPC-I. By
including the ESO, DV-MPC-II achieves good disturbance
rejection ability and well compensates the current offsets
compared with the conventional methods. For proposed DV-
MPC-III, transient current oscillations are prominently
attenuated compared to other methods, demonstrating superior
disturbance rejection performance over DV-MPC-II with the
same bandwidth. Furthermore, current offsets are completely
eliminated with DV-MPC-III after recovering to the steady
state.

VII. CONCLUSION

This paper presents a double-vector model predictive control
method with enhanced robustness and disturbance rejection
capabilities for three-level inverter-fed PMSM drives. The
proposed method employs a simplified voltage tracking cost
function based on a dead-beat approach, combined with
double-vector synthesis to reduce computational burden while
improving current tracking performance. An enhanced dead-
beat structure, incorporating three tunable coefficients, is
introduced to integrate active damping and provide an
additional degree of freedom. By setting a = 1/T, a dead-beat
response is achieved, while systematic tunning of § and J
enables improved disturbance rejection and parametric
robustness. Experimental results validate the effectiveness of
the proposed method, demonstrating its ability to operate under
parameter mismatch and external disturbances, which may not
be possible with conventional dead-beat MPC. The proposed
control method overall may be very useful for practical
industrial AC machine drives, considering some severe and
complex operation environments.
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