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Abstract—This paper presents a control strategy for
permanent magnet synchronous motors (PMSMs) based on finite-
state model predictive control (FS-MPC). The predictive model is
enhanced by incorporating saturation and cross-coupling effects
on the dg-axis flux linkages of the motor. Although a surface
PMSM is used, the maximum torque per ampere (MTPA)
trajectory is found dependent on both dg-axis currents and
affected by geometrical saliencies. The dependence of the dg-axis
inductances is inserted into the control law of the developed MPC
routine, thus improving the model accuracy. The performance of
the direct predictive torque controller is tested by controlling a
PMSM drive supplied by a neutral-point clamped inverter.
Implementation results have proven that the proposed control
scheme can effectively satisfy the requirements that arise from
both the PMSM and the inverter.

Keywords—Permanent magnet drives, neutral-point clamped
inverter, electric drive, nonlinear, predictive control.

1. INTRODUCTION

Nonlinear phenomena such as cross- or direct-coupling
saturation effects are commonly found in interior PMSMs [1].
Although surface-mounted PMSMs do not contain a great deal
of saliency, such phenomena appear when the motor is driven to
the limits of current density [2], [3]. When the load or speed
abruptly changes, the motor operates at maximum phase current
directly saturating the stator and rotor laminations. In addition,
the magnetic flux generated by the current of one axis is
indirectly influenced by that of the other axis [4]. This
interaction between the direct- and cross-coupling linkages
necessitates the dg-axis inductances to be expressed as functions
of both dg-axis currents.

Model predictive control (MPC), being capable of
considering multi-variable control objectives, arises as a
favorable option for the control of more complex and nonlinear
systems [5]—[8]. By simultaneously satisfying control objectives
that arise from both the motor and inverter, MPC provides an
effective solution to electric drive applications. In literature,
MPC has been successfully used to control topologies of
increased complexity as well as high-performance drives [9]—-
[11]. However, the control requirements arising from an electric
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drive, which is fed by a more sophisticated inverter topology,
are significantly more demanding [12]. The use of Multilevel
Inverters (MlIs), along with the consideration of nonlinearities,
further increases the already increased system complexity [13]—-
[15].

Unlike linear control strategies, MPC enables the
incorporation of nonlinear phenomena into the motor model
[12], [16]. Embodying the direct- and cross-saturation effects
into the motor equivalent circuit allows the controller to
precisely control the motor over a wide range of loads and
speeds [17]. In literature, there are several examples, where the
performance of the drive was improved by the consideration of
nonlinear effects. In [18], an approach was presented where the
trajectory of the motor was extracted by unifying different
dynamic trajectories. The developed controller offered accurate
control of torque oscillations while improving the transient
behavior of the drive. A continuous set nonlinear MPC strategy
for PMSM drives was developed in [19]. The proposed method
controlled the flux linkage of the motor allowing the
consideration of nonlinear phenomena while keeping the
switching frequency constant. In [20], a PMSM model was
developed considering saturation induced saliencies. The
derived model improved the performance of a sensorless control
strategy minimizing the position dependent estimation errors.

In this paper, a predictive controller of an NPC inverter for
PMSM drives is developed and presented. Saturation and cross-
coupling effects on the motor dg-axis flux linkages are identified
and incorporated into the predictive model improving its
accuracy. In order to extract the parameters of the model and the
MTPA trajectory, a systematized method is developed. The
cross-coupling saturation of the dg-axis flux linkages and the
existing geometrical saliencies considerably affect the MTPA
trajectory even when surface-mounted PMSMs are used. The
dependent parameters on the dg-axis currents are introduced into
the predictive model and the control law of the MPC. The
performance of the direct predictive torque controller has been
evaluated by controlling a PMSM drive fed by an NPC inverter.
Implementation results have proven that the requirements
arising from both the PMSM and the inverter can be satisfied by
the developed control scheme.
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II.  PREDICTIVE MODEL

In high-performance motor drives, sophisticated control
criteria are usually applied and the consideration of several
control constraints is needed. The multivariable nature of MPC
facilitates the implementation of control strategies with strict
requirements. In this section, the complete drive system shown
in Fig. 1 is described and the predictive model and the execution
steps of MPC are given in more details.
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Fig. 1. Control strategy overview.
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A. Plant modelling

The discrete electrical state-space model of the motor and
inverter is used enabling MPC to predict the values of the
controlled variables at the future sampling instants. Therefore,
the system equations are expressed as function of the switching
states of the inverter. MPC estimates the future behavior of the
state variables by exploring all the available switching
combinations. As shown in Fig. 2, the PMSM is fed by a three-
level neutral-point clamped inverter. In order to avoid short-
circuiting the DC bus, a switching rule governs each leg of the
inverter. Only the two upper, middle and lower switches of each
leg are allowed to be switched-on at the same time. The
parameter, 7, is used in order to express the three output voltage
levels as function of the switching states as next:
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Fig. 2. Neutral-point clamped inverter.

The total switching combinations of the inverter are 27 (=
3%), 8 of which are redundant. The stator voltages of the PMSM
can be calculated in the dg-reference frame by using:

vd:Rid+d;t"—a)ﬂq, 3)

. dA,

v, =Ri, + ” +wl, , 4
where R is the stator resistance, o is the electrical speed and 4 is
the total flux linkage of the dg axes. More specifically, the flux
linkage of the g-axis is A, = L,i,, whereas the flux linkage of
the d-axis is Az = Lyiz+ 4,,. Le and L, are the dg-axis
inductances and A, is the flux linkage of the permanent
magnets. The d-axis flux linkage also includes the flux produced
by the permanent magnets (PMs). The flux of the PMs is mainly
affected by temperature conditions or extensive operation in the
field-weakening region and it is not significantly dependent on
the dg-axis currents. On the other hand, the inductances are
dependent on the currents of both axes. Therefore, the
derivatives of the time-variant terms of (3)-(4) can be calculated
as follows:

di, d N
7;7@,(3,@)%} (5)
da, d¢. . ...
dtIZE[Ld(ld,lq)ld+/lm]. (6)

X

Since the sampling time of MPC is significantly small, the dg-
axis inductances and the flux linkage of the permanent magnets
are considered constant and time independent. The values of the
dg-axis inductances can now be incorporated into the control
law of MPC. For the convenience of programming, the derived
state-space model of PMSMs is discretized and expressed in
matrix form as follows:

X, =Ax, +Bu, +E, @)
.)’}kﬂ = C)%kﬂ 4 (8)

where the state vector is x = [i d-l q]T. The notation (") is used
hereafter for the estimated values. By using the mathematical
model of PMSMs and applying Euler discretization method, the
system matrices used in (7)-(8) are calculated:
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where T is the discretization time. The output vector, y, is
identical with the state vector, x, because the state and controlled
variables are the dg-axis motor currents. In order to associate the
switching states with the predicted values of the controlled
variables, the control vector, u = [ud,uq]T , is used. The
following conversion matrices M and D are needed to transform

the control vector from the three-phase representation system
into the dg-reference frame.

B sind —cos@ (11
“|cos® sing |’
211
Voo 2 2
= _bC , 12
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2 2

where @ is the electrical angle at the sampling instant k. The
electromagnetic torque can be estimated at the end of the
prediction stage of the motor currents as follows:

p (lr:; +Ldid,k+1) Lok quq K+l ld i s (13)
—
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where p is the number of pole pairs. In (12), it has been assumed
that the potential of the neutral point is indeed kept at zero level;
thus, the total voltage of the DC-link has been used in the
calculations instead of the voltage of each capacitor. This
assumption allows significant simplification of the calculations
and decreases the control variables. Regarding this assumption,
the neutral-point balance has to be ensured under any operating
condition; otherwise, the controller operation will be
unsuccessful.

B. Neutral-point potential balance

In order for the controller to keep the DC-bus capacitors
well-balanced, the time for which each inverter leg dwells on the
middle point, o, needs to be adjusted. If the voltage across the
capacitors’ terminals is unbalanced, the total harmonic
distortion of the output voltage is directly affected. Furthermore,
the stress of the semiconductors is increased and the power
losses are unevenly distributed [9], [21]. MPC can regulate the
voltage difference by expressing the voltages of the capacitors
as function of the switching combinations. In literature, there are
several methods ensuring that the voltage difference is kept at
zero level [22]. Most methods require the sensing of the
capacitor currents and the DC input current in order to predict
the unbalance level at the next sampling period [23]. In this
study, a different approach is followed without demanding the
measurement of both currents [10]. The potential of the neutral
point is predicted instead of the capacitors’ voltages. This
approach allows the minimization of the necessary transducers.

More specifically, the current flowing to the common point
of the clamping diodes can be estimated by using the phase
currents and the condition of the switches as follows:

Inp k1 (Tz Taz )ia,k + (Tcz - sz )ib‘k > (14)
where i, ;| ~ i, because the variation of the motor current is
significantly slower. The neutral-point current is equal to the
difference between the currents of the DC-link capacitors. By
using the following discrete-time differential equation, the
neutral-point potential can be predicted:

AV =Av

NP k+2 NP k+1

ﬂ 5

C Inp i1 (15)
where the voltage unbalance is estimated for two sampling
periods ahead demanding the controller to compensate for this
delay and to correct the initialization in the prediction process.

C. Cost function

Using the developed model, the controller can estimate the
value of the state variables at the end of the next N sampling
instants by evaluating all the switching combinations. The
combination that minimizes the cost function is selected and
applied by the controller. The adopted cost function has the
following form:

N
JA Z( T /C+l ld k+i + RNP.k+i + Rim,/c+i ) . (] 6)

i=1

In (16) there are two different types of errors, the tracking, C,
and the restriction, R, errors. The first errors involve the tracking
of the torque and the d-axis current, whereas the restriction
errors involve the neutral-point balance and the maximum phase
current:

C=w (T-T")Y +w,(i,-i}), (17)
CT (ul
— — 2
R=w,,Ab, +w,m( ij+i;—1m) . (18)
R \——ﬂ/——J

The quadratic errors are multiplied by the corresponding
weighting factors, w. Since the controlled variables are
expressed in different units, the main goal of the weights is to
normalize these errors.

D. Execution steps

At a first step, the analogue-to-digital (A/D) converters of
the digital controller sample the state variables and convert them
to digital. Given the fact that the process of A/D acquisition and
the examination of the possible switching states require
significant time to be completed, there is a delay between the
calculations and the actual change of the switching state. The
actual values of the sensed state variables are corrected by
considering the control output of the previous sampling period
as follows:

X, =Ax, +Buy,  +E. (19).

At the next step of the control algorithm, the potential of the
neutral-point, the state variables and the torque are estimated and

1882



the cost function is evaluated for all the possible switching
states.

Algorithm: Execution of the MPC algorithm

1: System initialization (Jmi» = inf, ind = 1)

2: Sensing of wm, ixjx=a» and ven

3: Delay compensation

4:forn=1,2,..,27
Estimation of i, 411, @NPYH, and T,
Selection of the weighting factors
Jir1 = Cr et + Cig gyt + Rimprn + Rivp g
if Jk+1 < Jmin then Jmin = Ji+1 and ind = n end if

end for

10: end for

RS AN

Fig. 3. Execution steps of MPC.

III. NONLINEAR PARAMETER EXTRACTION

For the extraction of the dg-axis inductances, Finite-Element
Analysis (FEA) is used. The distribution of the flux density of
the used PMSM is shown in Fig. 4. Due to the nonsymmetrical
winding configuration, the flux density distribution is
significantly affected suggesting that the conventional motor
model is not suitable for the prediction of the state variables. The
magnetic fluxes generated by the dg-axis currents saturate some
parts of the stator and rotor laminations and the flux lines of the
one axis cross those of the other axis affecting the inductances
of the motor.

Fig. 4. Flux density of the PMSM.

Algorithm: Parameter extraction

1: Initialize rotor and stator position

2: for is = 0:0.4:6

3: Tnax=0

4:  for 0.=0:15:180

5 for t = 0:1/6 of period

6: Calculate the dg-axis flux linkages and torque
7 end for

8: if 7> Tax then store 6. end if
9: end for

10: end for

Fig. 5. Parameter extraction methodology.

For extracting the parameters of the model and determining
the MTPA trajectory, the algorithm described in Fig. 5 has been
developed. Firstly, the relevant position of the rotor and stator is
initialized aligning the d-axis with the axis of phase a.
Afterwards, the amplitude and the angle of the phase current are

increased to the maximum permissible values. The torque is
calculated and the current vector of the maximum produced
torque is stored defining the MTPA curve. In order to increase
the accuracy of the calculations, transient analysis is performed
considering the one-sixth of the electrical period and averaging
the values of the calculated parameters. Afterwards, the
extracted parameters are incorporated into the control law of
MPC. In the main routine of MPC, the dg-axis inductances and
the MTPA trajectory are calculated with respect to the dg-axis
currents [10].

IV.  RESULTS AND DISCUSSION

In this section, the extracted fluxes of both axes are presented
and the developed MPC strategy is evaluated by exploring
several test-case scenarios. The main characteristics of the
motor, the inverter and the predictive controller are summarized
in Table L.

TABLE I. SYSTEM SPECIFICATIONS

Parameter Value Parameter Value
Pole pairs 4 D-axis inductance | 18 mH
DC-link voltage 400 V Sampling time | 100 us
DC-bus capacitors 3 mF Weights
PM flux linkage 1 Wb Torque,wr | 0.05
Winding resistance 6Q D-axis current,w;; | 0.25
Nominal current 3A NP potential,wyp | 0.10
Moment of inertia 0.02 kgm? Max. current,w;, | 10°

A. Cross-saturation effects

By applying the parameter extraction methodology of the
previous section, the dg-axis fluxes shown in Fig. 6 and Fig. 7
have been found. The d-axis flux shown in Fig. 6, is the total
flux of the d-axis including the flux linkage of the magnets as
described in (6). Both fluxes are not absolutely symmetric about
the dq axes, due to the asymmetry between the number of stator
slots and pole pairs of the examined motor topology. Although
a surface-mounted PMSM is used, it is shown that as the g-axis
current increases, the d-axis flux linkage decreases. On the other
hand, when the d-axis current increases, the g-axis flux
decreases.

1.04
6 -
1.02
4t |
0.98
2T 0.96
5 0 0.94
=
s 0.92
-2 0.9
0.88
4}
0.86
sl ] 0.84

6 -4 -2 0 2 4 6
1d (A)
Fig. 6. D-axis flux linkage (in Wb).
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Fig. 7. Q-axis flux linkage (in Wb).

Despite that the coupling between the dg-axis inductances
and currents is not strong, the negligence of the cross-saturation
is expected to negatively affect the performance of the drive
system. In addition, an accurate motor model is also essential in
the operation of several control strategies, such as in sensorless
control strategies as reported in [20]. Furthermore, the derived
fluxes can be fine-tuned by conducting extensive experiments.

B. Predictive controller

After using the parameter extraction algorithm, the dg-axis
flux linkages are expressed as functions of the dg-axis currents
and inserted into the control scheme of MPC. The performance
of the developed MPC is evaluated in this section by exploring
several test-case scenarios. The developed MPC is implemented
into a dSpace controller requiring 100us sampling time for the
algorithm execution. The adopted prediction and control horizon
is one step ahead. Firstly, the drive system has been tested
performing speed reversal (from -40 to +40 rad/s) at nominal
load conditions. As shown in Fig. 8, the developed MPC
precisely tracks the speed reference, while the phase current is
kept below the maximum permissible value.

8.00 A

@ 0.0A
-~ A -8.00 A

-15.0 ms 100 ms 350ms 1
40.0 V

@_,m.._ e e 0.0V
4 4 -40.0 V

-15.0 ms 10.0 ms 350ms 2
20,0V

[%ﬂ 0.0V
Y A -20.0V
-15.0 ms 100 ms 350ms 3

Fig. 8. Speed reversal.
1. Phase current. 2. Neutral-point potential. 3. Speed (4 rad/Vs).

In order to investigate the effectiveness of the incorporation
of the cross-saturation effects, the controller has been also tested
keeping constant the motor reference speed at 40 rad/s and
changing the torque profile of the load as shown in Fig. 9. More
specifically, at t = 0 s, the load torque changes from 40 Nm to
zero and then changes direction to -40 Nm. During the change
of the load torque profile, the neutral-point potential is kept at
zero level. On the other hand, the motor speed is not
considerably affected when the load torque changes. In Fig. 10,
the calculated MTPA curve and the actual trajectory of the
motor are shown. It is important to highlight, that although a
surface-mounted PMSM is used, the MTPA trajectory is not
aligned with the g-axis (is = 0).

14.0V

6.00V

m i P -2.00V
-200 ms 800 ms 180s 1
20.0V

™

@ \ 0.0V
- A -20.0V

-200 ms 800 ms 180s 2

-200 ms
400V
o WNMI‘W 0.0V
& P -40.0 V
-200 ms 800 ms 1.80s 4

Fig. 9. Load profile change.
1. Speed (6 rad/Vs). 2. Load torque profile (4 Nm/V).
3. Phase current. 4. Neutral-point potential.

During the operation shown in Fig. 9, the motor accurately
tracked the MTPA trajectory. Due to the cross-saturation effects,
the d-axis inductance decreased by 4.52%, whereas the g-axis
inductance by 4.03%. The torque-per-ampere ratio was found
6.05 Nm/A,, increased by 3.2% compared to the operation
without considering the cross-coupling effects. The
improvement is expected to be higher as the current density
increases. For higher current density, the trajectory is expected
to deviate from the g-axis due to the presence of stronger cross-
coupling and saturation effects. Operation under high current is
common in several applications such as in aerospace, where the
actuator has to operate at extreme conditions for several minutes
[3]. At high speeds, the coupling of the dg-axis inductances is
also expected to be higher, negatively affecting the performance
of the motor.
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V. CONLUSION

This paper presented a predictive torque controller of an
NPC inverter for PMSM drives. The accuracy of the predictive
model was improved by incorporating direct- and cross-
saturation effects on the motor parameters. The dependent
parameters on the dg-axis currents were inserted into the
predictive model and the control law of the developed MPC.
Although a surface-mounted PMSM was used, the MTPA
trajectory was affected by the cross coupling of the dg-axis flux
linkages and the geometrical saliencies of the motor.
Implementation results proved that the suggested control
strategy increased the torque-per-ampere ratio and accurately
tracked the MTPA trajectory.

6 - -
4t J
20
210 1
<
= 0 -0
=
S b—-10 ;
4F ]
6F J
-6 -4
1d (A)
Torque isocurves
MTPA curve
Constant current ¢ircle 2.83 A rms
Constant current circle 5 A rms

Fig. 10. MTPA trajectory for the operation shown in Fig. 9.
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