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Abstract—In this work, we propose a switched direct model
predictive control (DMPC) method for permanent magnet syn-
chronous motor (PMSM) drives; it achieves a fixed switching
frequency while preserving fast control dynamics of the DMPC
technique. In steady-state operation, the predictive period control
(PPC) approach is adopted to carry out fixed switching frequency
operation. Meanwhile, during transients, the classical DMPC
(CDMPC) method is used to provide fast control dynamics.
Furthermore, the criteria to switch between the two modes are
presented in detail; these criteria ensure a smooth transition. The
proposed method has been verified using a PMSM drive fed by
a two-level (2L) voltage source converter. The simulation results
confirm its effectiveness.

Index Terms—Direct model predictive control, Fixed switching
frequency, PMSM drives

I. INTRODUCTION

With the rapid development of the more powerful mi-
croprocessor, direct model predictive control has emerged
as a promising alternative for power electronics and motor
drives [1], [2]. DMPC uses the available system model to
predict the motor’s future behavior for a finite set of control
actions, i.e., different voltage vectors of the power converter.
Then it selects the optimal voltage vector that minimizes the
predefined cost function, and applies the chosen one for the
whole control interval (¢.). The aforementioned procedure
is repeated with new measurements at every sampling in-
stant. DMPC is characterized by its straightforward concept,
flexibility in design and fast dynamics [3]. However, the
switching frequency (fsw) of DMPC is unfixed due to its
lack of modulator. This leads to a widely spread voltage and
current spectrum, which in turn gives rise to iron and copper
losses of motor [4] and may induce undesirable resonance
oscillation, posing risk to the motor’s normal operation [5].
Furthermore, the maximum switching frequency can reach
half of the sampling frequency theoretically, which means
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Fig. 1. (a) Power circuit of the two-level power converter driving the PMSM
system. (b) Eight vectors generated by 2L converters.

high power losses and low efficiency. In summary, unfixed
switching frequency of MPC has been a growing concern.

Methods to address such issues can be classified into
two categories, i.e., modulation-based and non-modulation-
based solutions. The former set synthesizes basic voltage
vectors during one control interval [6]-[8]. However, the
power converter’s switching nature is not fully considered.
The latter set includes techniques such as simple switching
effort penalization to limit the switching frequency [9], notch
filter to reduce the harmonics at specific frequencies [10]
and predefined sliding window, for which a certain number
of switching process shall occur [11], etc. Nevertheless, the
spectrum achieved by this latter set is unsatisfactory, compared
with the results attained through the use of modulators. In [12],
[13], by including the switching period term into the cost
function, a simple predictive period control approach is pre-
sented. The control structure of DMPC is preserved, while the
controlled currents exhibit modulation-like harmonic spectra.
However, a deteriorated transient performance is observed for
motor control (see Sec. IV-A), which weakens the positive
feature of DMPC.

Inspired by the above analysis, we propose a novel switched
DMPC method, which combines the advantages of predictive
period control, in terms of fixed switching frequency, and
classical DMPC, in terms of fast control dynamics. Permanent-
magnet synchronous motor (PMSM) shows attractive proper-
ties, e.g., higher energy density, wider speed range, reduced
maintenance and easy to control, etc [14]. PMSM fed by
2L power converter system is selected as a case study. The
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Fig. 2. Overall control diagram of the switched DMPC. Classical DMPC is used when m=1. And PPC technique is applied when m=2.

contributions, indexed to the following sections, include:

(i) DMPC with a predictive period control approach is
extended from its simple application for RL load con-
trol to PMSM motor drives, achieving fixed switching
frequency operation and modulation-like control variable
spectrum (See Sec. IV-C);

We closely investigate the reasons for the reduced
transient control capability of the PPC method (See
Sec. IV-A), and propose a switched DMPC method to
solve such issues (See Sec. III);

The criteria using the hysteresis band to distinguish
between the transient and steady-state operation modes
of the PMSM drives is given to achieve a smooth switch
between the two control laws, thus avoiding chatter
problem (See Sec. III-C).

(i)

(iii)

II. SYSTEM DESCRIPTION AND MODELING

In this section, the control target — the 2L power converter-
fed PMSM shown in Fig. la is described. The variables in the
rotating (dq) frame is obtained utilizing the (power-invariant)
Park-Transformation,

— sin(¢ + 2/3) | Xabe

_ 2] cos(e)
g = ﬁ ot
(1)

where ¢ is the position of flux vector, x4q and X,},. denote
quantities in dq and abc coordinate. Meanwhile, the system
discrete prediction model is derived by applying the forward-
Euler formula, considering that the sampling time 7§ is small
enough.

cos(¢p — 2m/3)
—sin(¢ — 27/3)

cos(¢ + 27/3)

A. Power converter

For « € {a,b,c}, G* denotes the upper IGBT’s gate signal,
and G* (complementary to G*) the inverse gate signal for the
lower IGBT. The switching state S, for 2L. power converter
is described as

And the 8 switching states have the following form which are
depicted in Fig. 1b.

Sabe = (Sa, Sp,Se) " € Sg := {NNN, NNP,--- , PPP} .
3)
Taking switching states and DC-link voltage V4 into consid-

eration, the phase voltages of the converter can be obtained
as [15]

v] oy [2 -1 -1
o :éj ~1 2 —1| Sape. 4)
Ve 1 -1 2

B. PMSM modeling

With regards to the PMSM, the stator currents are taken as
state variables to describe its dynamics [15],

Xkt1 = Axxg + Bui + Hy, 4)
where x; = 09 = (i, i) T(A)?2 is the stator current vector

in dq-coordinate, uy, = v = (v, ¥!)T(V)? is the output

voltage vector of the converter, and Ay, B, Hy are system,
input and feed-through matrices, respectively. The components
of three matrices can be described as,
0
g )
Ly
0

H, = . , 6
k |:_Th}ipmwe(k):| ( )

where T§ (s) is the sampling interval, Rs (€2), Ls (Vs/A) are
stator resistance and inductance, respectively, w, (rad/s) de-
notes the electrical angular speed and v,,;, (Wb) corresponds
to permanent-magnet flux linkage. Note that, to compensate
for the one-step delay in the digital controller system, a two-
step prediction technique is adopted [16]. Stator currents at
k+2 instant can be predicted as,

1— LB T (k)

B=
Ts R

T,
A = L.
k 0

)

(7

X2 = ArXpq1 + Bugy + Hy,

e v ~r where Ay and Hy are assumed to be unchanged, since the time
. 1(P) if:G*=1ANG*"=0 ) .
Sy = G(G*) = ] _ (2) constant of the rotor speed is much slower than the electrical
0(N) if :G*=0ANG"=1. variables.
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Fig. 3. Switching period between rising or falling edges for one phase gate
signal, ¢, and tq respectively. t. denotes the control interval.
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Fig. 4. Mode switch criteria between PPC and CDMPC using a hysteresis
band.

III. SWITCHED DMPC

Designing the cost function is a core part of implementing
DMPC to realize the desired control performance. In the
following section, classical DMPC, PPC (with different cost
function designs) and the operating modes’ switch criteria are
discussed. The overall control diagram is depicted in Fig. 2.

A. Classical DMPC (Mode 1)

In mode 1, current reference tracking and switch effort
penalization are mapped into the cost function,

Ji = |litse — diral®s Js = [|Sir1 — Skl (8

where J; and Jg corresponds to the first and second control
target, and ||z||; and ||«|| denote the 1-norm and 2-norm of the
vector x, respectively. The cost function for classical DMPC
(mode 1) is designed as,

J1=Ji + Ass, €))

where )\ is the weighting factor to trade off between the
current tracking performance and the switching frequency.

B. PPC method (Mode 2)

The basic principle of the PPC method in [12] is briefly
reviewed in this section. Switching frequency is defined as
the number of switching events that take place in a certain
time. For the linear control methods with the modulator, such
as carrier-based pulse width modulation (CB-PWM) or space
vector modulation (SVM), converter switches change states
twice within one control period. Such switching mechanism
leads to the fixed switching frequency. Note that ¢, = t. for
classical linear approaches, where tg, denotes the switching
period. The situation is different for DMPC. DMPC updates

a new voltage vector at every control step without consider-
ing the past behavior. The same vector may be considered
as optimal for several consecutive control interval. Hence,
tsw = @ * tc, where @) is a time-varying integer and ) > 2.
Accordingly, variable fs, is observed in DMPC, similar
to other direct control methods, e.g., direct torque control,
hysteresis control and sliding mode control.

Different from the speed, current or flux, which are easily
predicted using the system model, future switching frequency
is difficult to estimate. As a result, the it’s difficult to regulate
the fsw in the cost function. In [12], instead of regulating the
switching frequency directly, the switching period is controlled
and added into the cost function to achieve the fixed switching
frequency. Imitating the switch mechanism of linear control
methods, where ¢,, = tq (see Fig. 3), the control target of PPC
issetas ty = tg = t}, = K*{., where K*, the so-called period
counts, denotes the number of control intervals within one
switch period. For example, in this work, the control interval
is set as t. = 1/80 kHz = 12.5us and the desired switching
period is set as t¥, = 1/5kHz = 200us, then K* = 16. The
controller regulates the amount of control intervals between up
and down periods, i.e., Ky = (kya. kuﬂb,ku’c)—r and K4 =
(kd,a, kap, kac) ", where ky, = t,/t. = ta/t.. This enables
the use of integers rather than floating period time in second,
which reduces the computational burden. The switching period
regulation term is defined as

Ji = K" =K ol + K" = KG bl7, (10)
The cost function for PPC (mode 2) is designed as
Jo = J; + Ak Jk. (11

The period counts update according to the following rules.
K, and K, are increased by 1 if no commutation takes
place and reset to 1 when the corresponding up and down
commutations occur. The period counts provide DMPC with a
record of the past switching behavior, which makes controlling
fsw possible. Sy_1]|Sy and Sy_1||Sk are employed to detect
the up and down commutation, respectively. And the period
counts at k+1 instant can be estimated as

Ku,k—i—l == Ku,k (Sk—ngk) + 17

Kaxi1 = Kax (Sk-1]Sk) + 1. (12)
The period counts at k+2 instant can be predicted as

Kﬁ,k-s-z =Kykq + (SkHS’iH)»

Ko = Kajr + (SlSE10). (13)

Actual up and down switching periods in second, i.e., T, =
(tuastubstuce) ', Ta = (tdartab,tac) ', can be obtained
using the period counts,

(14)
(15)

Ty = (Tux-1 — TQ, 1) (Sk-1]|Sk) + T:Q,
Tax = (Tax—1 — T:Qq,)(Sk—1ISx) + T:Q, -
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TABLE I
SYSTEM CONFIGURATION.

Parameters Values
DC-link voltage Vg (V) 700

PMSM inductance L3=Lg (H) 19.43 x 1073
PMSM resistance R (£2) 0.1379

PM Flux ¢pm (Wb) 0.42675

PMSM Pole Pairs p (-) 3

PMSM Inertia J (kg - m?) 0.01
Nominal Torque/Current T2 /I% (Nm/A)  29/15
Rated speed wyy, (r/min) 1200
Sampling Time fs (kHz) 80

Ref. switching frquency fg, (kHz) 5
Weight factors s, Ak 0.2, 0.05

Switching frequency is the inverse of the switching period,
obtained as [13],

(Tl + I Tagll 7
fsw,k - .

5 (16)

This frequency measurement mechanism enables us to update
the switching frequency in every control period, which makes
the fsy control visualized and easier.

C. Mode switch criteria

Both speed reference changes and load torque variations
lead to the transient operation of the drive system. The former
is detected by the difference between the reference and the
measured mechanical speed. The latter is distinguished by the
variation of the measured speed, as shown below.

Aw = |w;§17k - wm,k|a AT = |wm,k - Wm,k—1|a (17)
Furthermore, we introduce the operating criterion Jg; to
capture the variations of both the speed reference and the load
torque,

Jeri = Aw + AT (18)
To overcome the chattering problem and improve the robust-
ness of the mode selection, a hysteresis band is employed [17]
(see Fig. Ic). If J. is larger than Jy, it means that the
motor is in the transient stage and CDMPC is used. If J.;
is smaller than Ji,, it means that the motor is in the steady
stage and PPC is applied. When J.; is between Ji, and Jy,
the control law does not change. Through this mechanism, a
smooth transition between two control methods can be applied
without chattering.

IV. SIMULATION RESULTS

In this section, the transient performances of classical
DMPC and the PPC approach are compared, showing that
classical DMPC has superior dynamics. In addition, overall
control performance of the proposed switched DMPC is given;
it achieves a fixed switching frequency with guaranteed control
dynamics.
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(a) Transient performance of CDMPC, with As = 0.09 to achieve fow =
5kHz.
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(b) Transient performance of PPC, with fJ, = 5kHz.
Fig. 5. Transient performance comparison between classical DMPC and

predictive period control approach. For each figure, from top to bottom are
electromagnetic torque and its reference, three phase stator currents and their
references, three phase switch positions and measured switching frequency.
Note that, Thase = 25NmM, Ihase = 20A.

A. Transient performance comparison between CDMPC and
PPC

In the test scenario, the torque reference has a step change
from 15Nm to -25Nm at 0.02s. As expected, CDMPC shows
fast dynamics, taking 0.65ms to reach steady-state. However,
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Fig. 6. Overall performance of switched DMPC. From up to down are mechanical speed and its reference, electromagnetic torque and its reference, stator
currents, operating mode (1 for transient operation using CDMPC, 2 for steady-state operation using PPC), and measured switching frequency. Note that,

Whase = 1200r/min.

the corresponding switching frequency is unfixed due to the
lack of modulation stage. For PPC, the switching frequency
is fixed in steady-state. During transients, fg, of the PCC
fluctuates around 5kHz. Nevertheless, the settling time of PCC
is longer, taking 0.88ms to reach steady-state. Meanwhile, it
exhibits overshoot in torque (12.6%) and currents. In summary,
CDMPC shows a good transient performance with an unfixed
fsw and PPC achieves a fixed fs,, with deteriorated transient
performance. The above analysis leads us to combine CDMPC
and PPC, i.e., the proposed switched DMPC.

During transients, S, = {0, 1} is the optimal control action
to accurately track the reference (see fourth column of Fig. 3.a,
highlighted by blue). However, for PPC, the switching signal
is S, ={0,1,0,1,0,1} (see Fig. 3b) during transients, which
leads to the deteriorated transient performance. The reason
behind this phenomenon is the added period regulation term
Jk, which forces unnecessary switch commutations when K
approaches or exceeds the K* to fix the switching frequency.

B. Overall performance of Switched MPC

The test scenarios are as follows: at 0.12s, speed reference
has a inverse change from 1200r/min to -1200r/min; at 0.22s,
the load torque varies from 10Nm to -15Nm. As is shown, the
proposed solution is effective at wide operation points. Good
steady and transient performances are achieved. For operating
mode switch (fourth graph of Fig. 6), 1 denotes transient
operation and 2 represents steady-state operation. In mode
1, classical DMPC is employed, achieving fast dynamics.

In mode 2, the PPC method is utilized and it regulates the
switching frequency at 5kHz. By using the mode switch
criteria with the hysteresis band given in Sec. III-C, a smooth
switch between the two modes is achieved. Note that, the test
scenarios include speed step from zero to nominal speed and
speed reverse, resulting in long transient time with unfixed
fsw- In reality, the transient time is usually shorter, fixed fsy
is realized in most cases. Besides, for CDMPC, the fg, is
basically below 5k Hz. Fortunately, it’s sufficient to realize the
guaranteed control dynamics during transients. Switch losses
could also be reduced at the same time.

C. Steady-state performance of Switched MPC with fixed
switching frequency

In steady-state, the currents exhibits modulation-like spec-
trum under different load conditions, as shown in Fig. 7. The
current THD is 4.78% when 77, = 10Nm and becomes 3.13%
when 17, = -15Nm.

V. CONCLUSIONS

The predictive period control approach achieves a fixed
switching frequency without the use of a modulator, mak-
ing it a promising alternative. However, degrading transient
performance is observed when PPC controls the PMSM
drives. The reason behind this phenomenon is that the added
switching frequency regulation term forces unnecessary switch
transitions during transient operation to ensure a fixed fuy.
To address this problem, a switched DMPC is proposed.
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Fig. 7. In steady-state, FFT analysis of stator current under different load
conditions.

During transients, classical DMPC is used to guarantee control
dynamics, while PPC is employed during steady-state and
achieves fixed switching frequency. By virtue of the proposed
mode switch criteria, a seamless switch is achieved between
the two control laws. Future work will focus on reducing the
high sampling frequency requirement of the PPC method.
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