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Abstract: Thanks to the advancements in the processor industry, the popularity in the industrial applications of
Finite control set model predictive control (FCS-MPC) is increasing. FCS-MPC has several advantages, such
as high closed-loop bandwidth, the inclusion of the control constraints, and nonlinearities. However, the control
signals are directly produced by the predictive controller since no modulator is used. Hence, the system has
non-fixed switching frequency, and the maximum achievable switching frequency is limited by the half of the
sampling frequency. However, the control goals may suffer from the undesired ripples in case of a noticeable
low switching frequency. To eliminate these ripples the sampling period of the system can be reduced. But this
increases the computational burden on the processor. To overcome the unwanted oscillations in the control
variables and decrease the computational burden on the processor, a modulated model predictive control (M2PC)
strategy is proposed in this paper. The M2PC combines the space vector pulse width modulator (SVPWM) and
FCS-MPC. Torque of the interior permanent magnet synchronous motor (IPMSM) is controlled with M2PC
method. The motor is controlled in a constant torque region with the combination of the M?PC method and
maximum torque per ampere (MTPA) control strategy. The comparative results of the conventional MPC
method and M2PC method are reported in the paper and the superiority of the M?PC strategy is validated by
simulation works. The results demonstrate that the M?PC method significantly reduces total harmonic distortion
(THD) in stator currents. Based on the results, the M?PC method provides a better control performance for
IPMSMs with significantly reduced torque ripples.

Keywords: Modulated Model Predictive Control, Model Predictive Control, IPMSM

Gomiilii Miknatish Senkron Motorlarin Modiileli Model Ongoriilii
Tork Kontrolii

Oz: islemci endiistrisindeki ilerlemeler sayesinde Model Ongoriilii Kontrol’iin endiistriyel uygulamalarindaki
popiilaritesi artmaktadir. MOK iin yiiksek kapali déngii bant genisligine sahip olmasi, kontrol kisitlamalarmin
ve dogrusal olmayan durumlarin kontrole dahil edilmesi gibi bir¢ok avantaji bulunmaktadir. Fakat modiilator
kullanilmadig: i¢in kontrol sinyalleri dogrudan 6ngoériicii kontrolor tarafindan iiretilmektedir. Bundan dolay1
sistem degisken anahtarlama frekansina sahiptir ve maksimum elde edilebilecek frekans drnekleme frekansinin
yarist ile smirlidir. Bununla birlikte, diisiik anahtarlama frekanslarinda kontrol degiskenlerinde istenmeyen
dalgalanmalar olugmaktadir. Bu dalgalanmalari elimine etmek i¢in sistemin 6rnekleme periyodu diisiiriilebilir.
Ama bu islemcinin iizerindeki matematiksel yiikii arttirmaktadir. Kontrol degiskenlerindeki istenmeyen
dalgalanmalar1 azaltmak ve iglemcinin iizerindeki matematiksel yiiki hafifletmek i¢in bu ¢aligmada Modiileli
Model Ongériilii Kontrol (MMOK) stratejisi onerilmisti. MMOK metodu MOK metodu ile uzay vektor darbe
genislik modiilasyonun (UVDGM) birlesimidir. Gémiilii miknatisli senkron motorun (GMSM) torku MMOK
metodu ile kontrol edilmistir. Motor, MMOK metodu ve akim bagma maksimum tork (ABMT) kontrol
stratejisinin birlesimiyle sabit tork bolgesinde kontrol edilmistir. Calismada geleneksel MOK metodu ile
MMOK metodunun sonuglar1 karsilastirilmis ve MMOK kontrol stratejisinin iistiinliigii simiilasyon ¢aligmalar
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ile dogrulanmgtir. Sonuglar, MMOK y6nteminin stator akimlarindaki toplam harmonik bozulmay: (THB)
onemli dlgiide azalttigini gostermektedir. MMOK yénteminin torkdaki dalgalanmalar1 5nemli 6lgiide azaltarak,
GMSM ler i¢in daha iyi kontrol performansi sagladig simiilasyon sonuglari ile dogrulanmistir.

Anahtar Kelimeler: Model Ongobriilii Kontrol, Modiileli Model Ongbriilii Kontrol, GMSM

1. Introduction

The interest in electric vehicle technology is increasing as they use renewable energy sources and
thus reduce carbon dioxide emission [1, 2]. The use of permanent magnet synchronous motors
(PMSM) in electric vehicle applications is increasing day by day due to their advantages such as high
efficiency, low rotor losses, high torque-power ratio, and no-slip compared to ac induction motors
[3]. PMSMs can be classified into two groups in terms of the placement of the permanent magnet in
the rotor: 1) IPMSM 2) SPMSM. In surface-mounted PMSMs, the permanent magnet is on the rotor
surface while in interior PMSMs, the permanent magnet is embedded inside of the rotor [4]. Based
on the placement of the magnets in the rotor, the torque is generated by the magnetizing flux in
SPMSMs. The magnet placement in IPMSMs causes reluctance to change as the motor rotates. This
reluctance change is called saliency. This saliency introduces another torque term which is called
reluctance torque in IPMSMs, unlike SPMSMs. In IPMSMs, the torque is generated by both the
magnetizing flux and reluctance torque. Hence, the total torque in IPMSMs compared to SPMSMs
increases by exploiting the reluctance torque.

Commonly used torque control techniques for PMSMs are the field-oriented control (FOC) and direct
torque control (DTC). Besides these conventional torque control methods, the popularity of the FCS-
MPC method has been increasing because of the advantages of this control strategy. This control
method aims to obtain the optimum voltage vector to be applied to the inverter. The motor stator
current is predicted for all admissible voltage vectors by using the discrete-time mathematical model
of the system. The predicted stator current and the corresponding reference term are introduced in the
cost function to calculate the error term. Then, the optimum vector that reduces the cost is applied to
the system [5]. The major benefits of the FCS-MPC strategy are the ease of including the operation
constraints, fast transient response, and the control of the multiple control goals [6]. Despite the
advantages of the FCS-MPC, the control system has a non-fixed switching frequency. Because the
formation of the closed-loop system does not contain the linear modulator (or other advanced
modulator schemes), thus the unregulated switching frequency is inevitable. The critical problem with
the uncontrolled switching frequency is that the mechanical torque and stator current are deteriorated.
Distorted current waveforms increase the undesired torque ripples during steady-state operation. To
alleviate the ripples, the sampling period of the discrete controller can be reduced. Although the
choice of a lower sampling period alleviates the high ripple problem, it incurs the high computational
burden [7]. There is a practical limit on the sampling frequency of microprocessor for the real-time
implementation. In particular, to lower the sampling period is impractical where a high amount of
control calculations need to be performed. The favorable solution to reduce the torque and stator
current ripples without reducing sampling time is using a modulator. The main idea of including the
modulator is that multiple active vectors can be used to get the control variable closer to the associated
references. Therefore, the trajectory tracking performance is improved, and unwanted ripples are
vanquished. The predictive control method combined with SVPWM is called modulated model
predictive control [8]. The M?PC method provides better steady-state performance with no regard for
the prediction step.

The discussed control method can be adopted to control the IPMSMs in both constant torque and
constant power regions [9]. The purpose of the MTPA control technique is to obtain the operating
point where the stator current magnitude is minimum to produce the desired torque value [9]. The
torque control of SPMSM with MTPA is realized with the control of the magnetizing current, with
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g-axis current control since there is no saliency in these motors. However, the torque control of
IPMSM with MTPA is realized with the control of both the magnetizing torque and reluctance torque
because of the saliency.

In the literature, the conventional MPC method is widely used in chemical industries at first because
of the long time constants. In most cases, the process is slow, and the computational burden is not
problematic. However, the scenario is completely different in the power electronics application where
the sampling frequency varies between 10us - 100pus. Different types of converters and machines are
controlled with the conventional MPC and M?PC methods due to advancements in the processor
industry [10-14]. The current control of three phase two level voltage-source inverter with MPC and
M2PC method is performed, and the results are compared with each other [15, 16]. According to
simulation results reported in [15], THD values of the stator current are reduced by applying the
M2PC method. The benefit of the regulated switching frequency is demonstrated by performing the
M?2PC method. The control of PMSM with MPC and M2PC method is performed with different types
of inverter topologies and the results are compared with each other [17-19]. PMSM is driven by three
phase two level voltage-source inverter in [17, 18] and in [19], PMSM is driven by three level NPC
inverter. The simulation results show that M?PC method gives better control performance than
conventional MPC method and reduces THD in stator currents and ripple in electromagnetic torque
significantly. However, in [15], [17-19], simulations for both methods are performed for only one
switching frequency value. In [17-19], no assessment work has been conducted to evaluate the closed-
loop performance and stator current THD. Furthermore, the dynamic performance of the MPC and
M2PC under torque variations has not been comprehensively investigated. Because the motor
controlled in [17-19] is SPMSM, there is no information about control performance of IPMSM with
conventional MPC and M?PC methods.

In this paper, torque control of IPMSM is performed with M?PC method. The simulation-based
comparison results between M?PC and the conventional MPC are reported in terms of
electromagnetic torque variations and THD in stator current. The simulation results show that the
M2PC method improves steady-state performance of the control system with decreasing THD in
stator currents and ripple in electromagnetic torque. The other important advantage of the M?PC
method is to perform the control algorithm at higher sampling times and decreases the computational
burden of the processor.

2. System Model
2.1. Inverter

The circuit diagram of an inverter fed IPMSM is shown in Figure 1. The three phase two level voltage-
source inverter (VSI) has eight switching states. Among these eight voltage vectors, two of them are
zero switching states and the other six are active switching states. An ideal inverter is employed in
the simulated drives and the inverter is assumed to be in a balanced load state [20].

2 -1 —-11[5%1
-1 2 —-1/|S;

[VAn] Voc
Vi | = 225
3121 21 2 1lsg

VCn

1)

where Van, Ven, Vcnare A, B, C phase to neutral voltages, respectively, Vpc refers to DC bus voltage,
and Si, Ss, Ss are the high-side switches of inverter phase a, b, c, respectively.
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Figure 1. Voltage source inverter (VSI) topology
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2.2. IPMSM Mathematical Model

In this study, the mathematical model of the IPMSM is given in the d-q axes reference frame where
d-qg axes rotate at the synchronous speed. The dynamic model of the IPMSM is given by

dl
Vy=RI;+ Ly d—: — welgly )
dl
V, =Rl + L, d—f + wo(Lglg + @) )

where Vq.q is d-q axes voltage, lq4-q are d-q axes currents, Lq.q are d-q axes inductances, R is stator
resistance, we is synchronous speed, @m is permanent magnet flux linkage. Electromagnetic torque
expression is shown in equation (4), where Te is electromagnetic torque and p denotes the number of
pole pairs. The electromagnetic torque equation consists of two parts. The first part is the torque
produced by the permanent-magnet and the second part is reluctance torque caused by the saliency.

3p
T, = 7 (Qomlq - Idlq (Lq —Lg)) 4)

Rotor electrical angle of the motor can be found using equation (5) where 6. denotes the rotor
electrical angle.

0.0 = [ we(de ©)
In M?PC and MPC methods, control of the system can be done by expressing motor dynamic

equations in discrete time. The discrete-time versions of (2)-(3) can be obtained by applying the
Forward Euler (FE) method as in (6).

af _fkk+1) - f(k)
dat T,

(6)

where Ts is sampling time. The discrete-time d-g axes stator currents are defined in Hata! Basvuru
kaynagi bulunamadu.)-(7).

Va(k)Ts eLqlg(K)Ts RTs
la(k +1) = 2455 4 22CE08 1, (k) (1— (E)> 7
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V,(I)Ts weLyly(K)Ty we0nT. RT,
I,(k+1) = qu 5 ‘de‘Z - eL;“+1q(k) 1- qu

(7)

By applying Forward-Euler discretization to (5) and shifting the variables one step back, the discrete-
time expression for rotor electrical angle is obtained as in (8).

He(k) = He(k -+ w, (k — DT; (8)

3. Proposed Method

3.1.Model Predictive Control (MPC)

The block diagram of the conventional MPC method is shown in Figure 2. This control method aims
to find the optimum voltage vector to be applied to the VSI. To find this voltage vector first the
mechanical speed, om, IS measured via a sensor. The measured stator currents in the a-b-c frame are
converted into d-q axes reference frame. In the algorithm, all phase to neutral voltages of the VSI is
calculated by substituting voltage vectors in (1), and these phase to neutral voltages are transformed
to d-g axes frame.

2 2 2m

V, = 3 (VAn cos 6, + Vg, cos <He - ?) + V¢p cOS (09 + ?» 9)
2 2m 2m

V, = 3 (—VAn sin 0, — Vg, sin (He — ?) — Vep Sin (He + ?)) (10)

Then, the determined phase-to-neutral voltages are used to predict the future values of the d-q axis
currents based on Hata! Basvuru kaynagi bulunamadi.) and (7). There are totally eight current
predictions for eight switching vectors.

* MPC Controller

IS‘ Id ref -
Polar to * V,
B ) cartesian L et be IPMSM
L) I S, | Voltage Source Va
voltage||I(k+1) and|— Cost Function| ' S Inverter | 1 o%e,
lo(k+1) | To(k+1) [ Minimization [ y Ss @
L {estimations

e 1(K)
Park Transformation la

l4(k) | and Forward Euler Iy C‘D‘
Method le

d/dt Current Transducer

0.

<l
; X

Figure 2. Conventional MPC block diagram

G = (Id,ref - Id(k + 1))2 + (Iq,ref - Iq(k + 1))2 (11)

The vector that minimizes (11) is chosen for the next time interval. Where G in (12) is the objective
781
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function of the conventional MPC method. The application of the gate signals is directly performed
by the controller [5]. This approach is called the conventional MPC method as illustrated in Figure 2.

3.2. Modulated Model Predictive Control (M2PC)

To improve the steady-state performance of the system, the M?PC method, which combines SVPWM
and FCS-MPC method, is proposed. The block diagram of the M?PC method is shown in Figure 3.
As in the typical SVPWM technique, the optimum voltage vector is obtained by using two active
voltage vectors and zero voltage vectors. By modulating between these two active and zero voltage
vectors, the average current error becomes zero [18]. To find the optimum active and zero vectors,
the cost function values of every voltage vector according to equation (11) are stored. Duty cycles of
active vectors and zero vectors in each sector can be found according to equations (12)-(14) by using
stored cost functions [15].

T,G,G,

d, = 12
07 GoGy + GG, + GyG, (12)
T.GoG
d1 — sYIoyY?2 (13)
GoGy + G1G, + GG,
T.GoyG
d, s 01 (14)

" GoGy + G1G, + GoG,
where do-1-2 are the duty cycles of zero and two active voltage vectors, respectively. Go.1-> are the cost
functions values of every voltage vector in every sector that are stored to determine the active voltage
vectors and zero voltage vector, respectively. To enable the use of the M2PC, the objective function
in (12) is modified.

g = doGo + lel + dez (15)

where g is the reformulated objective function of the M?PC method.

- e e 2
[ |M PC Controller
IS - Id‘ref +|y-
Polar to y
B cartesian L ret " pC o
= K | 90 | Duty Cycle [d1| Sy Voltage Source| Va
|xz';;9r§| la(k+1) andHekrL) Cost Function [ 9] Calculation ['d2] | Ss|  inverter 3
lo(k+2) [ 1(k+) | “Calculation | 923N New Cost % SVPWM S; ( %.
| |_> estimations _Fqnc_tlor_\ A N
Minimization X< |
| Park Transformation|1a |
didt and Forward Euler |18 | q}‘
| |q(k) Method Ic
| Current Transducer
| 0, |
. ]
—_—— — = — —— —— — — <

Figure 3. Block diagram of the M?PC method

The two active voltage vectors and zero vector that minimizes (15) are selected and applied to the
inverter [13]. Hence, the fixed switching frequency is achieved. The modulator uses these voltage
vectors and the duty cycle values to generate gate pulses.
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3.3. Operation in Constant Torque Region

In SPMSMs, since Lq¢=Lq, the torque can be controlled by utilizing g-axis current according to (4).
Unlike SPMSM, since Lg#Lq in IPMSMs, the d-axis current must also be controlled, beside the g-
axis current. Stator current vector (Is), d-q axes current vectors (lg, lq), stator (¢s) and magnetizing
flux vectors (¢om), and stator voltage vector (Vs) are shown in Figure 4 for the stationary and rotating
synchronous frames. According to Figure 4, the B angle is the angle between the stator current vector
and g-axis current vector. The stator current achieves its maximum value when 3 equals 0°. On the
other hand, the maximum reluctance torque is obtained in the case of f=45°. Therefore, the optimum
value of B is within the range of 0-45° to get benefit from reluctance torque and magnetizing torque.
Further details regarding how to obtain optimum beta angle is discussed in [21].

Bs

@s

(PlTl

O,

Iy

Figure 4. Current, voltage and flux vectors illustration in the as-fs frame

4. Results

The M2PC method is tested by simulation work. The proposed method and the conventional method
are compared at different evaluation metrics. The motor and simulation parameters are listed in

Table 1.
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Figure 5. Stator Currents waveforms at wm = 100 rad/s and Te= 10 Nm; (a) Conventional MPC
method, (b) The M2PC method

The comparative simulation results are shown in Figure 5 - 7 at the mechanical speed of the motor is
om=100 rad/s, and the applied torque is Te=10Nm. The stator current waveforms of conventional
MPC and the M?PC method are shown in Figure 5. According to Figure 5, the stator current is less
distorted for the M?PC method. The electromagnetic torque of the motor is shown in Figure 6 for
conventional MPC and the M?PC method. As can be seen, the torque ripple is lower for the M2PC
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method than conventional MPC. A-B phase-to-phase voltage waveforms are shown in Figure 7. The
comparison results in terms of THD in stator currents are reported in Figure 8. The THD value in
stator current for the conventional MPC is 11.58% for a sampling period of 100 ps. On the other hand,
the THD value in stator current for the M?PC is 5.87% for the same sampling period which
corresponds to a 10 kHz switching frequency value. The simulation results prove that the M?PC
method reduces the THD value by nearly 50% when the system is controlled with M?PC method.
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Figure 6. Electromagnetic torque waveforms at wm = 100 rad/s and Te= 10 Nm
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Figure 7. Inverter A-B phase to phase voltage waveforms at wm= 100 rad/s and Te= 10 Nm; ()
Conventional MPC method, (b) The M?PC method

Table 1. Motor and Simulation Parameters

Parameter Description Values

Ts Sampling Time 100 ps

L Number of pole pairs 4

P Continuous power 4.1 kW

T Continuous torque 15.7 Nm
om (rpm) Nominal speed 2500 rpm
Ld d-axis Inductance 0.282 mH
Lq g-axis Inductance 0.827 mH
Om PM Flux Linkage 0.0182 Wb
R Phase Resistance 0.0463 Q
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Figure 8. THD values at different sampling times and for different electromagnetic torque values;
(a) Conventional MPC method, (b) The M?PC method
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(a) Electromagnetic torque, (b) Stator currents, (c) Transient response of electromagnetic torque,
(d) Zoom-in stator currents, (e) Inverter A-B phase to phase voltages
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To examine the torque response of the M2PC method, the torque step is applied at t=0.5s to the closed-
loop system. Figure 9 presents the dynamic response of the M?PC control method. In this scenario,
®m=100 rad/s which is the mechanical speed of the motor, the torque profile Te=5 Nm between t=0-
0.5 s and Te=15 Nm between t=0.5-1 s. The sampling time is Ts=100 ps. During the torque transition,
the magnitude of the stator current is adjusted by M2PC method to satisfy the new torque command.
The motor is producing electromagnetic torque once the new torque command is applied at t=0.5 s.
As a result, the M?PC method provides a better result at wide operating points compared to the
conventional MPC method.

5. Conclusions

This paper compares the conventional MPC and M?PC control strategies for IPMSM. SVPWM
technique and FCS-MPC technique are combined to achieve better steady-state performance at fixed
switching frequency. The simulation results show the THD in stator currents and electromagnetic
torque ripple are significantly reduced in M?PC method compared to the conventional MPC method
at different sampling times and at different electromagnetic torque points. Simulation results at
different sampling times show that the sampling time of the system must be reduced for conventional
MPC method so that the THD in stator currents approaches the results obtained with M?PC method
but computational burden on the processor increases drastically at low sampling times. The proposed
M2PC method performs very well for high sampling times and hence, computational burden on the
processor reduces. From the results obtained at different sampling times and for different
electromagnetic torque values show torque control of IPMSM with M?PC method can be performed
at desired sampling times and desired electromagnetic torque values. As a result, the M?PC method
provides a better system performance than the conventional MPC method over a wide range.
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