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Duty Cycle Control Set Model Predictive 
DC-Link Voltage Control Method for PMSM 

Film-Capacitor-Driven System
Zhenrui ZHANG, Jing XU, Xinyu WANG, and Qingya ZHANG

Abstract—This paper proposes a robust duty cycle control set 
model predictive DC-link voltage control (DCS-MPDVC) to sup-
press the DC-link voltage oscillations in the permanent magnet 
synchronous motor (PMSM) film-capacitor drive system. This 
method applies an extended state observer (ESO) to suppress  
unmodeled disturbances and parameter variations and estimate 
the inductor current of the inverter. Subsequently, to ensure the 
constraint accuracy of the dq-axis current and DC-link voltage, 
a discrete duty cycle control set is constructed to reduce the 
prediction error within each control cycle. In addition, a sector 
judgment mechanism for voltage vector selection is introduced to 
reduce the computational complexity while maintaining the control 
performance. The proposed control strategy is experimentally 
verified on a film-capacitor hardware test platform using DSP, 
demonstrating the effectiveness of DCS-MPDVC in suppressing 
the DC-link voltage and optimizing the computational efficiency. 

Index Terms—Duty cycle control set system, extended state observer, 
oscillation suppression, permanent magnet synchronous motor.

I. Introduction

THE film-capacitor driven system for permanent-magnet 
synchronous motors has recently been applied in industrial 

appliances like air-conditioners and aircraft propulsion systems 
due to its high-efficiency, high-power-density, and low-failure-rate 
advantages [1], [2]. However, reducing the capacitance value 
of the DC-link capacitor leads to DC-link voltage oscillations 
[3]. Active damping compensation based on vector control is 
an effective control method to tackle this issue. But, it can only 
passively maintain system stability by increasing damping [4]–[6]. 
Therefore, to address the adverse effects of DC-link voltage 
disturbances on the system, direct constraints are imposed 
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on it to achieve better steady-state performance of the motor.  
For example, designing a DC-link voltage prediction equation and 
cost function using finite-control-set model predictive control 
(FCS-MPC) can achieve multi-objective optimization for the 
film-capacitor-driven system [7]. The constraint on the DC-link 
voltage can also be incorporated as an additional optimization 
objective in the cost function of FCS-MPC to achieve stability  
in the film-capacitor drive system [8]. The stability of FCS-MPC 
applied to the film-capacitor system has been demonstrated in 
[9]. A DC-link current observer has been developed in [10] to  
minimize sensor reliance. However, the accuracy of the predictive 
equation and control set limits the effectiveness of the constraint 
on the DC-link voltage. Some solutions have been proposed to 
address the control and prediction-accuracy issues of the elec-
trolytic-capacitor system [11].

Motor parameter identification [12] and prediction error 
compensation [13] can solve the system problem of time-vary-
ing parameters. However, chip performance will affect their 
compensation effect, and these methods cannot solve the 
problem of inaccurate motor modeling. Compared with these 
schemes, it is simpler and more efficient to use disturbance 
observers (such as Luenberger observer [14], [15], extended 
Kalman filter [16], sliding mode observer [17], and adaptive 
observer [18]) to solve the problems of time-varying param-
eters and inaccurate modelling. Meanwhile, the disturbance 
observer not only observes the disturbance of the system but 
also simplifies the design of the predictive controller. Professor 
Han proposed anti-disturbance control technology and ESO 
[19], which can effectively reduce the impact of inaccurate 
mathematical modelling on the controller. The ESO can extend 
the unknown part of the motor modelling to an independent 
state variable and observe it to achieve the real-time acquisition  
of the motor state [20]. The ESO has more anti-disturbance and 
parameter-tuning advantages than the traditional disturbance 
observer. Based on the ESO, progress has also been made 
in reducing parameter disturbance. [21], [22] have utilized 
the ESO to develop an accurate prediction model. However, 
these methods are based on deadbeat model predictive con-
trol (MPC). Due to the absence of an explicit cost function, 
DC-link voltage constraints cannot be added, rendering these 
methods unsuitable for directly suppressing DC-link voltage 
oscillation.

When there is only a current prediction equation, solving the 
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deadbeat method can consider both steady-state performance 
and solution accuracy. However, the multi-objective optimiza-
tion system has a coupling problem, and the control law cannot 
be solved directly. Therefore, it is necessary to solve the cost 
function online. Limited by the controller’s performance, the 
finite control set method is mainly used for the solution. How-
ever, the control accuracy of the basic control set relying on 
the inverter switching state is challenging to meet the control 
requirements. In order to address this issue, a method proposed 
in [23] reduces the amplitude of six fundamental effective 
vectors to half of their original value. It combines two adjacent 
voltage vectors into a new vector. This approach expands the 
control set of voltage vectors, resulting in 20 voltage vectors 
and improved control accuracy. In [24], virtual vectors with 
different phase angles are generated by averaging the included 
angles of adjacent fundamental effective vectors, leading to an 
extended vector control set. This scheme effectively enhances 
the control accuracy of the vector phase angle. However, sig-
nificant current ripple still exists at low speeds due to the large 
vector amplitude. [25] addresses this issue by selecting the 
optimal voltage vector through multiple iterations of voltage 
amplitude and angle. However, this approach requires con-
siderable computational resources and is typically applied to 
high-performance chips such as FPGAs. Using the deadbeat 
method for duty cycle calculation can lead to performance deg-
radation due to potential changes in motor parameters during 
operation [26], [27]. On the other hand, a discrete duty cycle is 
a control set design scheme that exhibits robustness [28], but it 
lacks an optimization strategy to improve algorithm efficiency. 
Therefore, further investigation and research are required to ex-
plore optimized control strategies for improving the constraint 
on the DC-link voltage.

This paper introduces the DCS-MPDVC for film capacitor 
PMSM drive systems to balance control accuracy and compu-
tational burden. This approach offers two key contributions:

1) Given the positive correlation between the predicted DC-
link voltage and the predicted dq-axis currents, an anti-distur-
bance prediction model for DC-link voltage is developed based 
on the ESO to improve the prediction accuracy of the DC-
link voltage and estimate the inductor current of the inverter. 
Meanwhile, an under-damped parameter allocation method is 
introduced and combined with a low-pass filter to enhance the 
observation accuracy, thus saving the hardware configuration 
of physical sensors.

2) A duty cycle control set is put forward to decrease the pre-
diction errors associated with the DC-link voltage and dq-axis 
currents. Meanwhile, a sector judgment mechanism and a 
design method for the duty cycle control set are presented. In a 
single prediction process, the constraints on the DC-link volt-
age and dq-axis currents are strengthened by comprehensively 
applying optimal and sub-optimal basic voltage vectors. 

This study validates the algorithm’s effectiveness in reduc-
ing current ripple and suppressing voltage oscillation through a 
surface-mounted PMSM (SPMSM) film-capacitor drive setup. 
The paper is structured as follows: The basic design principle 

of the anti-disturbance prediction model and the method for 
configuring observer parameters are presented in Section II. 
Section III discusses the design principles of the duty cycle 
control set and sector judgment mechanism. Section IV fo-
cuses on conducting experimental verification, validating the 
advantages of the duty cycle control set, the observer, and the 
suppression of DC-link voltage oscillation.

II. Design and Analysis of Robust Model Predictive 
DC-Link Voltage Control

The current predictive controller of PMSM ignores the non-
linearity of the inverter and time-varying parameters. There-
fore, this study uses the ESO methodology to design a predic-
tive DC-link voltage model.

A. SPMSM ’s Current Mathematical Model

The accurate mathematical model of SPMSM in a rotating 
coordinate system can be expressed by

d
e

e

qd d d

q
dq q q

(1)

where, id, iq, vd, and vq are the motor’s current and voltage in 
the rotating coordinate system(dq-axis). Rs is the motor’s phase 
resistance. Ls are the SPMSM’s inductance in the dq-axis. ωe 
is the motor’s electric angular velocity. ψ is the flux linkage of 
the permanent magnet. fd and fq represent the unknown distur-
bance in the dq-axis. The “Δ” represents the error between the 
motor’s actual and controller parameters. 

The PMSM current model in (1) is divided into two parts: 
the input and the lumped disturbance, as shown in 

d
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q
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e qd d

q e q

     (2)

where, is= [id, iq]
T, vs= [vd, vq]

T. b is regarded as the gain of the 
input value, and the current gain of the d-axis and q-axis of 
SPMSM is regarded as the same value. If is a nonlinear current 
disturbance term.

B. Design of Disturbance Observer

The anti-disturbance predictive model adopts the ESO to 
estimate the motor’s lumped disturbance. The disturbance val-
ue of the system model can be observed through the input and 
output of the system. Firstly, the observer model is established 
according to (2),
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where, e = [ed, eq]
T,  = [ d, q]

T,  = [ df, qf]
T.

After the Laplace transform, use (3) to calculate the transfer 
function of actual disturbance If and estimated disturbance :

v
               (4)

(4) can be set through parameter configuration as a low-pass 
filter with a bandwidth ωf. The transfer function of the second- 
order low-pass filter is

                        (5)

After comparing (5) with (4), β2 = ω2
f, β1 = 2ωfξ, the damp-

ing coefficient ξ is set to 0.707 by using the design method of 
the Butterworth filter. The parameter configuration method 
based on the low-pass filter can be defined as:

                                      (6)

Configure an observation bandwidth larger than the lumped 
disturbance to estimate the actual disturbance effectively.

C. DC-Link Voltage Anti-Disturbance Prediction Equation

The observer’s discrete is obtained by the forward Euler ex-
pansion of (3). The control structure of the current disturbance 
observer is shown in Fig. 1. 

e

e
ev[                                               ]       (7)

The current disturbance If of the motor observed through (3) 
is brought into (2) to obtain an accurate motor current model. 

Then, according to the basic principle of FCS-MPC and the invert-
er basic voltage vectors vref

s   , the prediction equation is obtained by 
forward Euler expansion based on the sample time Ts.

is(k + 1) = Ts[If (k) + bvref
s   ] + is(k)                    (8)

Two-step prediction is adopted to obtain the predicted value 
of the k + 2 control cycle because of the one-step control delay 
of the chip controller.

is(k + 2) = Ts[  (k + 1) + bvref
s   ] +  (k + 1)           (9)

The current disturbance observer has very high observation 
accuracy and low observation error, namely is(k + 1) ≈ (k + 1), 
Is(k + 1) ≈ (k + 1). Therefore,  (k + 1) and (k + 1) can be 
obtained by the observer. 

The current predictive equation is designed by (9). The 
predicted value of different basic voltage vectors is obtained 
through the prediction equation, and the predicted value is 
compared with the current reference value to obtain the cost 
function in (10). And constraints related to current limits can 
also be incorporated in

g = [iref
d    - id (k + 2)]2 + [iref

q    - iq (k + 2)]2             (10)

In (10), iref
d   and iref

q   are the dq-axis current reference values,  
which are usually calculated through the speed loop. g represents 
the prediction error. The voltage vector contained in the control  
set is brought in (10) individually to obtain the cost value (prediction  
error). The minimal prediction error gmin corresponds to the  
optimal voltage vector.

The topology structure is depicted in Fig. 2. The voltage 
equation of the DC-link is given by

                                  (11)

where, C is the capacitor value. iL is the inductor current. idc is 
the DC-link current, and vdc is the DC-link voltage.

The analysis can be carried out for (11), and the correspond-
ing ESO shown in (12) can be established to observe the in-
ductor current.

L L

L       (12)

idc can be obtained from the equivalent formula of the inverter 
(using the control strategy of id = 0).

idc (k + 2) = q q                        (13)

Based on the ESO for inductor current, the predicted current 
value, delay compensation, and the estimated applied voltage 
are combined to estimate the DC-link current of the following 
control cycle. (14) is used to predict the DC-link voltage. 

Fig. 1. The disturbance observer computation structure.
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d d q q

L

     (14)

As shown in (14), idc needs to be calculated using the motor 
current equation. Therefore, the accuracy of the current equa-
tion is essential for predicting the DC-link voltage.

The cost function of DC-link voltage control is [29]

                  (15)

Furthermore, to ensure the system’s stability, it is necessary 
to analyze its damping characteristics. The system damping is 
directly related to the control voltage. Given that the control 
strategy of id = 0 is adopted, the damping compensation related 
to the q-axis voltage is mainly considered. Therefore, the q-axis 
reference voltage value needs to be analyzed according to (15). 
Here, the cost function in the steady state is considered, and its 
partial derivative is taken to obtain the extreme value solution. 
First, when the voltage constraint is not added, the partial de-
rivative of the cost function with respect to the q-axis voltage is:

qq

q q q

q

q
q q         (16)

kv is used to represent the weight coefficient of the voltage 
constraint term gv, then the partial derivative of it concerning 
the q-axis voltage is:

q

q
q q

d
L

         (17)

Adding these two partial derivatives and setting the sum 
equal to zero allows us to obtain the analytical solution of the 
q-axis voltage corresponding to the extreme value of the cost 
function. At the same time, it is easy to prove that this solution 
is a minimum value by calculating the second-order partial de-
rivative. Therefore, the q-axis voltage with voltage constraint 
can be expressed as

q q q
qq q

q

q
L

q

d            
  (18)

After that, the inverter current value after applying the volt-
age constraint can be obtained by

q q q q
L

L

            (19)

Subsequently, by using the eigenvalue analysis method [9] 
of traditional active-damping compensation, the characteristic 
equation of the system can be obtained:

 (20)

Next, analyze the variation of two important stability coeffi-
cients c1 and c2, under rated conditions as kv increases based on 
the motor parameters, as shown in Fig. 3. To a certain extent, 

Fig. 3. The curve of system eigenvalues changing with kv.

Fig. 2. DCS-MPDVC control structure diagram. (a) Predictive controller, (b) 
Overall control structure diagram.
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the value of c2 is much greater than zero. So, the instability fac-
tor of the system is mainly reflected in the eigenvalue c1. When 
kv = 0, the characteristic coefficient of the system is negative, 
indicating that the system will oscillate. As kv increases, when 
kv is greater than the weight coefficient of the DC-link voltage 
constraint, the value of c1 gradually shows a trend greater than 
zero. Therefore, the MPDVC plays the same role as the tradi-
tional active damping method in reshaping the damping and 
realizes the system’s stable control from the active damping 
perspective.

Next, the key is to find out how to obtain the extreme value 
that makes the cost function zero. Since the optimization algo-
rithm has a large amount of calculation, the burden on the mo-
tor controller is heavy. Therefore, the discrete control set is cur-
rently more mainstream. This paper proposes a high-efficiency 
optimization method based on the duty cycle discretization.

III. Design and Analysis of Duty Cycle Control Set
The voltage vector set used in FCS-MPC consists of fun-

damental voltage vectors determined by the inverter’s output 
state, which directly corresponds to the motor’s operational 
state. The utilization of inverter voltage plays a crucial role in 
minimizing prediction errors, particularly at low speeds, where 
the impact on current and DC-link voltage is more pronounced 
due to the significant difference in magnitude between the 
motor voltage vectors and the fundamental vectors. There-
fore, optimizing the selection of voltage vectors in FCS-MPC 
is essential. This study proposes the inclusion of suboptimal 
voltage vectors alongside the optimal ones and introduces the 
duty cycle control set to synthesize virtual voltage vectors. This 
approach enables precise control with a negligible increase in 
computational load.

A. Duty Cycle Control Set Design

The basic voltage vector (Si, i = 0 - 7) of the two-level volt-
age source inverter is shown in Fig. 4. Assume the reference 
voltage vector at the control cycle is vs. One method uses the 
two adjacent basic vectors to synthesize this vector. Mean-
while, the duty cycle must be added to control the action time 
of these vectors. Then, in Fig. 4, the action time of S2 is d2, and 

the action time of S1 is d1. Therefore, the basic voltage vec-
tors introduced in Table I are incorporated into the di control. 
Hence, the present study introduces a discrete duty cycle con-
trol scheme to streamline the calculation process.

The duty cycle of the motor voltage vector typically ranges 
from 0 to 1, allowing for active discretization based on this 
characteristic. For instance, Fig. 5 illustrates the time distribu-
tion of a vector divided into intervals of 0, 0.25, 0.5, 0.75, and 1. 
The figure also displays the distribution and quantity of vector 
control sets. Each point in Fig. 5 corresponds to different duty 
cycle control solutions for distinct vectors. Following the solu-
tion approach of FCS-MPC, the figure involves iterative cal-
culations for 60 effective vectors (duty cycle control solutions) 
and zero vectors. Ultimately, the optimal virtual vector with the 
minimum cost function is chosen as the output for the inverter. 
However, computing 61 vectors puts a significant computation-
al burden on the chip controller, thus necessitating further op-
timization of the control set. For example, in Fig. 4, assuming 
that vs is the target voltage vector, the optimal voltage vector S2 
and the suboptimal voltage vector S1 can be obtained during an 
iterative calculation of the basic effective voltage vector (di  1) 
of the two-level inverter. So that the sector can be determined 
and the duty cycle can be optimized in this sector.

A similar design strategy for a discrete duty cycle has been 
proposed in a previous study [28]. Building upon this method, 
this paper introduces a novel optimization mechanism aimed 

Fig. 4. The relationship between the optimal and suboptimal voltage vectors 
based on the duty cycle.

TABLE I
Voltage Vector of Two-Level Voltage Source Inverter

Si, i = Sa Sb Sc vi,α vi,β

0 0 0 0 0 0

1 1 0 0 2vdc di /3 0

2 1 1 0 vdc di /3 vdc di /3

3 0 1 0 -vdc di /3 vdc di /3

4 0 1 1 -2vdc di /3 0

5 0 0 1 -vdc di /3 - vdc di /3

6 1 0 1 vdc di /3 - vdc di /3 

7 1 1 1 0 0

d1×S2

d2×S1d0

Fig. 5. Virtual voltage vector control set based on duty cycle control.

S S

vs
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at improving the computational efficiency of optimal voltage 
vector.

B. Optimal Vector Sector Location Strategy

Further, as shown in Fig. 6, it is assumed that the target volt-
age vectors in two specific control cycles are vs1 and vs2. For 
scenario 1, S2 is the optimal basic voltage vector v1st

opt, and S1 
is the suboptimal voltage vector v2nd

opt. For scenario 2, S2 is the 
optimal voltage vector v1st

opt, and S3 is the suboptimal voltage 
vector v2nd

opt. S is the vertex of the optimal basic voltage vector, R 
is the vertex of the reference voltage vector, and O is the vertex 
(origin) of the zero vector.

The sector of the target vector can be determined according 
to the optimal and the suboptimal basic vectors. This sector can 
be divided into two parts with equal areas, as shown in Fig. 6. 
Furthermore, the part in the green shadow area close to the op-
timal basic voltage vector can be used as the search area of the 
optimal virtual voltage vector. Then, the green shaded area can 
be further divided into a1 and a2 according to the vertical bisec-
tor of . Finally, the search area of the optimal virtual vector 
can be determined by comparing the distance between  and 

. Here, the amplitude of  and  is expressed by the cost 
value (g0 and gmin) of the zero and optimal basic voltage vec-
tors, respectively. The control region of the optimal vector can 
be determined in (14).

        (21)

Through the above analysis, if the target voltage vector is in 
the region of a2 (g0 ≤ gmin), the duty cycle control solution of 
the optimal basic voltage vector v1st

opt and the suboptimal basic 
voltage vector v2nd

opt is {(0,0), (0.25,0), (0.5,0), (0.25,0)}. If the 
target voltage vector is in the region of a1 (g0 ＞ gmin), the duty 
cycle control solution of the optimal basic voltage vector v1st

opt 

and the suboptimal basic voltage vector v2nd
opt is {(0.75,0), (1,0), 

(0.5,0.25), (0.75,0.25), (0.5,0.5)}. The control solution of these 
duty cycles is fixed regardless of the optimal basic vector. So, 
the vector control set can be expanded to each sector due to the 

symmetry of the active discrete duty cycle. Since the optimal 
and suboptimal vectors are known, amplitude computing can 
significantly reduce the computing time of the chip. 

C. The Calculation Step of the Optimal Virtual Voltage Vector 
of DCS-MPDVC

The overall algorithm control flow chart is shown in Fig. 7. 
Step 1 is the same as FCS-MPC, and the calculation amount of  
the whole control program is mainly affected by this step. In this  
process, it is necessary to record the optimal and sub-optimal 
voltage vectors.

Step 1 :
The basic voltage vector must coordinate transformation (22)  

with the motor rotor position to obtain eight voltage vectors  vref
s 

Fig. 7. Control step of DCS-MPDVC.

Fig. 6. The optimal vector solution in different target vector sectors. (a) 
Scenario1, (b) Scenario 2.

                                   (a)                                                         (b)
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(vi,d , vi,q)i = 1-6 in the dq-axis to facilitate the analysis.

T                     (22)

After coordinate transformation, six dq-axis voltage control 
solutions are brought into prediction (9), (14) and the cost func-
tion (15) to obtain the optimal v1st

opt(v
1st
d  , v

1st
q   ) and the suboptimal 

v2nd
opt (v

2nd
d  , v

2nd
q  ) voltage vectors. This step is similar to the FCS-

MPC [30].
Step 2 :
The optimization area needs to be further reduced to save 

computation. First, calculate the cost value of the zero vector 
according to 

d d d

q q q

                 (23)

By comparing the size of g0 and gmin, the duty cycle control 
set is obtained from 

v
v

                  (24)

Step 3 :
After the duty cycle control set is obtained in step 2, the vir-

tual vector in the dq-axis based on the duty cycle solution (d1st, 
d2nd) can be obtained through

v d

q

d d

q q
                   (25)

vref
s is calculated by the duty cycle in (18). All voltage vectors 

vref
s are evaluated successively via (9), (14) and (15) to obtain 

the optimal duty cycle (d1st
opt, d

2nd
opt ) and corresponding optimal 

virtual vector vopt(v
opt
d    , v

opt
q    ) that minimizes (15).

D. DCS-MPDVC Overall Control Structure

The DCS-MPDVC’s control structure is shown in Fig. 2. 
i ref

d  = 0 is used for realizing the SPMSM’s current control. Be-
cause the time scales of the speed loop and the current loop are 
inconsistent, the proposed control structure retains the speed 
loop. Therefore, the reference value of the q-axis current comes  
from the speed loop controller. The electrical angle θe in (22) is 
obtained by the rotor position θr and motor pole pairs P. The in-
ner loop current controller mainly uses the predictive equation, the 
lumped disturbance observer, the control set (Table I and (21)),  
the optimization mechanism (Fig. 6), and the cost function 
(14). After the measured value and estimated value are obtained 
for (9) and (14), the optimal voltage vector is calculated 
through the control flow in Fig. 7. The optimal voltage vector 
can be synthesized by the space vector modulation technology 
proposed in [31] to act on the motor (the control vector can 
also be synthesized by the rotor position and SVPWM, which 
requires more calculation).

The DCS-MPDVC achieves optimal duty cycle control by 
implementing a simple judgment mechanism that requires only 
4 or 5 additional subset calculation loops. The advantage of 
this approach is that the subsets are no longer required to un-
dergo coordinate transformation, significantly enhancing both 
computational efficiency and control accuracy. 

IV. Experimental Verification
To verify the proposed control strategy, a hardware exper-

imental platform utilizing a film-capacitor SPMSM drive is 
employed in this study, as depicted in Fig. 8(a). The experi-
mental setup consists of an SPMSM as the torque output and 
a magnetic particle brake as the load. The chip utilized is the 
TMS320F28379D, manufactured by Texas Instruments. The 
inverter topology entails a two-level voltage source inverter, 
with its structure depicted in Fig. 8(b). The inverter equipment 
is also from Texas Instruments (Model: TMDXIDDK379D) 
and incorporates an IPM module (Model: PS21765). The 
rectifier is substituted with a DC power supply. The film ca-
pacitor is utilized with the parameters referencing the hardware 
specifications mentioned in [32]. The nameplate parameters of 
the testing platform are provided in Table II. During the exper-
iment, the controller data is transmitted in real time to the host 
computer via serial communication, and the host computer 
plots the experimental results. The switching frequency used in  
the experiment is 10 kHz (Ts = 0.0001), and the dead time is  
5 μs. The experiment’s observer bandwidth ωf is 3000 rad/s,  
and b is 1/Ls0. The PI controller parameters of the speed loop are 
Kp = 0.3, Ki = 5, which is designed according to [33]. In addition, 
unless otherwise specified the motor parameters involved in 

Fig. 8. Experimental hardware platform. (a) Experimental platform, (b) 
Topology of the experimental platform.

(a)

(b)

Three leg inverter

L
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the controller are the nameplate parameters in Table II.
In this section, the steady-state characteristics of DCS- 

MPDVC are initially verified. Subsequently, the influence 
of the anti-interference prediction model on the optimization 
goal of the current is demonstrated following the enhanced 
control accuracy achieved by ESO. Finally, the effectiveness 
of DCS-MPDVC in suppressing DC-link voltage oscillation is 
evaluated through testing.

A. DCS’s Experimental Results of Steady-State Characteristics

The test results of the calculation amount are presented in 
Table III. In DCS-MPDVC, optimizing the duty cycle does 

not require coordinate transformation but utilizes scalar calcu-
lation, only adding 6 μs to the calculation cycles compared to 
FCS-MPC. The duty cycle density and programming method 
proposed in this study align with the MPD2C method intro-
duced in [28]. Moreover, constraints for predicting the DC-link 
voltage have been implemented. Optimizing the number of 
duty cycles has significantly enhanced computational efficiency. 

Figs. 9 and 10 are the motor phase current test results and 
prediction errors under the control of FCS-MPC and DCS-MP-
DVC. At the rated speed (1000 rpm), the basic voltage vector 
amplitude is close to the optimal vector amplitude of the mo-
tor. However, the FCS-MPC’s current distortion is still high 
because of the significant phase angle error. Because the duty 
cycle control set in DCS-MPDVC is widely distributed in the 
whole control area, the zero vector of different control cycles is 
unnecessary when synthesizing a control vector. Furthermore, 
the prediction error is slight, so the sinusoidal degree of the 
phase current is excellent for achieving the control require-
ments of low current ripple. It can be seen from Figs. 9 and 10 
that the prediction error of the DCS-MPDVC is low, which 
means that the control set accuracy will significantly impact 
the controller.

B. Experimental Results of the DCS-MPDVC’s Robustness

Fig. 11 presents the current observation error of ESO. The 
dq-axis current observation error during the dynamic process is 
almost negligible. Fig. 12 illustrates the observed disturbance 
values during the dynamic process, further confirming the  
excellent dynamic performance of the observer.

TABLE II
Experimental Platform Parameters

TABLE III
Calculation Time of Different Control Methods

Quantity Symbol Value
Inverter rated voltage - 300 V
Inverter rated current - 8 A
DC-link voltage Vdc 292 V
LC resistance RL 0.5 Ω
LC filter inductance L 3 mH
LC filter capacitance C 25 μF
Phase resistance Rs0 1.616 Ω
Phase inductance Ls0 11.47 mH
Flux φ0 0.175 Wb
Rated current iN 4 A
Rated speed ωN 1000 rpm
Pole pairs P 5
Inertia J 0.0024 kg·m2

The control method Time/μs
FCS-MPC 32
MPD2C in [28] 37.5
DCS-MPDVC 32

Fig. 9. Experimental results of phase current and predicted error at rated speed.

Fig. 10. Experimental results of phase current and predicted error at rated speed.

Fig. 11. Experimental results of ESO observation error.
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q

Fig. 13 depicts two sets of comparative tests, and the exper-
iment deliberately introduces an artificial error in the model  
parameters (Rs = 2Rs0Ls = 2Ls0, φ = 0.5φ0). In Fig. 13(a), the 
absence of an anti-disturbance prediction model leads to a steady- 
state error along with a noticeable current ripple. Conversely, 
when the anti-interference prediction model is introduced, the 
steady-state error is eliminated, and the current ripple is signifi-
cantly reduced. Fig.13(b) depicts the experimental results for 
the dq-axis current. An inaccurate prediction equation leads to 
non-zero deviation in the d-axis current, causing a control error. 
However, implementing the anti-disturbance prediction model 
ensures minimal ripples in the d-axis and q-axis current. This 
model closely tracks the reference value without any steady-
state error.

The experimental results of observation for the inductor cur-
rent are shown in Fig. 14. An oscilloscope observes the actual 
value of the inductor current. Through comparison, it can be seen 
that the steady-state values of the observed value and the actual 
value are the same, ensuring the system’s normal operation.

C. MPDVC’s Experimental Results of DC-Link Voltage Oscil-
lation Suppression

Voltage oscillation suppression in a film-capacitor PMSM 
drive system typically relies on the controller’s robustness and 
control accuracy. The experiment utilizes voltage prediction 

(14) and a cost function (15). Fig. 15 demonstrates the stabili-
zation effect of DCS-MPDVC on the DC-link voltage during 
motor operation under rated working conditions. Adding 
voltage constraints to the cost function enables stable DC-link 
voltage control. 

Fig. 16 shows the experimental results between the active 
damping method based on the vector control structure and the 
DC-link voltage constraint method of the control set proposed 
in [34]. The parameter configuration of the active damping 
refers to the design method in the paper. It can be seen that, 
compared with the voltage oscillation suppression achieved 
indirectly by the active damping, the method proposed in this 
paper for suppressing the DC-link voltage oscillation is more 
effective and can also lower the current ripple. These advantag-
es are all due to the direct prediction-constraint structure of the 

Fig. 12. Experimental results of dq-axis observation disturbance under different 
operating conditions.

Fig. 14. The DC-link voltage and inductor current observed by the ESO.

Fig. 15. Experimental results of DC-link voltage and q-axis current constraints 
when the motor operates under the rated working condition.

Fig. 16. The comparison experimental results of the stability between the 
traditional active damping method based on vector control and the proposed 
DC-link voltage prediction control method: (a) DCS-MPDVC, (b) Active 
damping compensation.

(a)

(a)

(b)

(b)

Fig. 13. MPD2C and RDCSMPC’s experimental results of the motor dq-axis 
current with artificial parameter error. (a) Motor q-axis current and its reference 
value with artificial parameter error, (b) The motor dq-axis is current with an 
artificial parameter error.
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DC-link voltage.
Figs. 17-19 display the waveforms of the DC-link voltage, 

q-axis current, and their harmonic analysis under various control 
conditions. Fig. 16 presents the experimental results of the 
DCS-MPDVC. Fig. 17 represents the experimental results 
of the control set (26), while Fig. 18 depicts the experimental  
results of the prediction model (8).

if g0 ≤ gopt : vopt ∈ a2, a2 = {(0, 0) (0.5, 0)}
if g0 ＞ gopt : vopt ∈ a1, a1 = {(1, 0) (0.5, 0.5)}

        (26)

Compared to Fig. 17, Fig. 18 shows a significant rise in 
the harmonic content of the DC-link voltage at the oscillation 
frequency(700 Hz). This observation suggests that decreasing 
the density of the control set reduces the MPC’s constraint 
ability to constrain the DC-link voltage and dq-axis current. 
Consequently, this results in a pronounced increase in current 
ripple and affects the constraint control of the DC-link voltage. 
Similarly, Fig. 19 exhibits an evident increase in the harmonics 
of the d-axis current and DC-link voltage compared to Fig. 17. 
This increase can be attributed to the DCS-MPDVC’s inaccu-
rate prediction.

In conclusion, the predictive controller’s robustness and the 

control set’s accuracy are essential for multi-objective optimi-
zation. The DCS-MPDVC possesses both characteristics, con-
tributing to its superior performance in suppressing current rip-
ple and DC-link voltage oscillation in a film-capacitor PMSM 
drive system.

V. Conclusion
This paper proposes that DCS-MPDVC solves the problems 

of significant prediction errors and low constraint accuracy in 
the film-capacitor permanent-magnet synchronous motor drive 
system. This method integrates an anti-disturbance prediction 
model and a duty cycle control set. A parameter configuration 
method of the ESO based on a low-pass filter is proposed to 
estimate the lumped disturbance and inductor current. This 
method effectively solves the estimation problems of unmod-
eled disturbances and inductor current, improves the prediction 
accuracy of the DC-link voltage, and reduces physical costs. 
In addition, a design scheme of the duty cycle control set is 
introduced, expanding the number of effective virtual voltage 
vectors from 6 to 60. This scheme includes a simple sector 
identification principle, which can improve control accuracy 
within a single control cycle while reducing prediction errors 
and computational complexity. Experimental results show that 
the proposed method has better constraint capabilities in the 
dq-axis and DC-link, making it suitable for the film-capacitor 
drive system. 
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