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ABSTRACT Various electrical drive systems have widely implemented the classical cascaded field-oriented
control (FOC) topology, including speed loop, current loop, and modulation. On the other hand, modulated
model predictive control (M2PC) has been employed recently for different applications for faster dynamic
response and better power quality. The FOC topology’s speed and current control loops can be merged to
simplify the control system structure and improve the system dynamics. Therefore, a noncascaded speed
loop controller employing M2PC for permanent magnet synchronous motors is introduced. The required
simulation work has been developed to analyze the algorithm performance compared to proportional integral
(PI), noncascaded model predictive control, and M2PC controllers. In addition, it has been applied practically
through a dedicated testing rig, and results are investigated showing its merits including harmonic content,
dynamic behavior, and robustness against parameter mismatch.

INDEX TERMS Modulated model predictive speed control (M2PSC), electrical drive applications, perma-
nent magnet synchronous motor (PMSM) machine, voltage-based cost function.

I. INTRODUCTION
Electrification of future transport systems has received grow-
ing interest over the last few decades to achieve higher system
efficiency and reduce emissions. This trend results in an in-
creased number of electrical drive systems that have been
adopted in different transportation applications [1]. Conse-
quently, the demand for improved electrical drive systems
has increased as industry, energy, and transportation systems
have evolved [2]. Permanent magnet synchronous motors
(PMSMs) are employed in several applications because of
their high power density, low maintenance cost, and high
efficiency [3], [4].

PMSM drive system is considered a multi-input multi-
output nonlinear system, and its control behavior can be
influenced by several uncertain factors during operation, such

as parameters’ variation, external load disturbance, cross cou-
pling among dq current components, nonlinear dynamics, and
unmodeled parameters of the system [5]. Additionally, the
optimal performance of the PMSM electrical drive can be
diminished if the time delay between feedback measurements
and actuation is not considered. It would impact the control
system’s stability and restrict its bandwidth and dynamic per-
formance [6]. The time delay is caused by the controller’s
digital computational period and the power electronics con-
verter as modulation signals are generated at the initial stage
of each sampling period and require one cycle to be fully
applied [7].

On the other hand, speed control is essential for the elec-
tric drive system to enhance its performance and efficiency
throughout different operating conditions and load variations
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[8]. Deferent techniques have been proposed in the literature
to perform the PMSM speed loop control better. An adaptive
PID controller based on the gradient descent method has been
proposed in [8]. Moreover, a robust speed controller is pre-
sented in [9] employing the disturbance observer approach. A
sliding mode control is given in [10] for dual PMSM parallel
operation. Besides, an active disturbance rejection control for
current and speed loops is developed in [11] for PMSM, while
virtual cogging torque control is used to reduce the speed
ripples in [12].

Model predictive control (MPC) has been acknowledged as
one of the most effective techniques to emerge from modern
control theory into industrial applications [13]. It has been
successfully applied for speed control of PMSM [14], [15],
[16], and induction motor drives [17]. MPC can be developed
based on a short prediction horizon of ny equal to 1 or a long
prediction horizon of ny ≥ 2 [18]. The proper selection of
the ny value is important and considered as a direct approach
to overcome the mentioned time delay issues. However, the
model computational burden should be considered as it would
be challenging for practical implementation in case of long
prediction horizons [19].

The performance of the MPC controller can be enhanced by
adapting the cost function weighting factors online or elimi-
nating the steady-state error (SSE) from the system variables.
In [20], the given preexisting error of the system variable is
considered to adapt the cost function weighting factors dy-
namically. Furthermore, an artificial neural network algorithm
is implemented in [21] to adapt the weighting factors for the
control of a power converter online. To mitigate the estimated
SSE of grid-connected multilevel converter controlled vari-
ables, the MPC control scheme has been modified in [22] to
eliminate the system model uncertainties. The system transfer
function has been reformed in [23] to the resonant form to im-
prove the steady state operation for the fault-tolerant control
of multiphase PMSM machine.

One of the recently introduced MPC topologies is the
modulated model predictive control (M2PC) [24], [25]. It
employs the finite set MPC with the space vector pulsewidth
modulation (SVPWM). The optimal voltage vector will be
investigated by calculating all given voltage vectors of the
power converter for improved operation and higher power
quality [26]. It has been implemented successfully in sev-
eral applications and systems including a three-phase rectifier
[27], direct matrix converter [28], multilevel converter for
PMSM [25], and multiphase induction motor drive [29].

Considering the merits of the M2PC controller, a modu-
lated model predictive speed control (M2PSC) approach is
proposed for an enhanced PMSM speed control behavior
and overall electrical drive operation. The speed and current
control loops will be combined to execute the whole control
system at the same sampling time, resulting in faster dynamic
response and improved operation compared to the conven-
tional field-oriented control (FOC) structure. The reference dq
voltages will be calculated including the system constraints
with an adequate prediction window considering the system

time delay. The applied switching patterns will be decided ac-
cording to the proposed voltage-based cost function, which is
the article’s main contribution. Besides, an integrator has been
implemented to adapt the speed weighting factor to eliminate
the SSE throughout different operating conditions for a more
robust speed response performance. In addition, an extended
state observer (ESO) is introduced for load torque estimation.

The rest of the article is organized as follows. The PMSM
mathematical model and its linearization are addressed in
Section II followed by the equations of the proposed strategy.
Section III is devoted to the simulation results and analysis
of the given strategy compared to the common MPC, M2PC,
and proportional integral (PI) controllers. The description of
the testing bench and the maintained practical results are illus-
trated in Section IV, while Section V concludes this article.

II. M2PSC STRATEGY
A. PMSM MATHEMATICAL MODEL
It is necessary to present the PMSM model first as MPC is
a model-based control strategy. The differential equations of
PMSM are given by the following [30]:

d

dt
id = 1

Ld

(
vd − Rs id + Lqiq ωe

)
(1)

d

dt
iq = 1

Lq

(
vq − Rs iq − Ld id ωe − ϕ f ωe

)
(2)

d

dt
ωe = p

J

(
Te − By

p
ωe − TL

)
(3)

Te = 3p

2

(
ϕ f iq + (

Ld − Lq
)

id iq
)

(4)

where vd , vq are dq stator voltage components, id , iq are
dq stator current components, Ld , Lq are dq synchronous
inductances, ϕ f is the stator-rotor flux, ωe is the electrical
angular velocity, Rs is the stator resistance, p is pole pairs,
Te is the electromagnetic torque, TL is the load torque, J is
the moment of inertia, and By is the friction coefficient.

Since the model is nonlinear, it is required to be linearized
around a definite operating point using Taylor expansion. The
linearized equations can be illustrated as follows:

iqωe = ωe0iq0 + iq0 (ωe − ωe0) + ωe0
(
iq − iq0

)
(5)

id ωe = ωe0id0 + id0 (ωe − ωe0) + ωe0 (id − id0) (6)

where ωe0, id0, and iq0 are the operating point values of the
linearized model. By substituting (1) and (2) with (5) and
(6), the linearized PMSM state-space model is given by the
following:

x. (t ) = Amx (t ) + Bmu (t ) + δm (7)

y (t ) = Cmx (t ) + Dmu (t ) (8)

where

x(t )T = [
id iq ωe

]
u(t )T = [

vd vq
]
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y(t )T = [
id iq ωe

]

Am =

⎡
⎢⎢⎢⎣

−Rs
Ld

Lq
Ld

ωe0
Lq
Ld

iq0

−Ld
Lq

ωe0 −Rs
Lq

−
(

Ld
Lq

id0 + ϕ f
Lq

)

0
3p2ϕ f

2J −By
J

⎤
⎥⎥⎥⎦

Bm =

⎡
⎢⎣

1/
Ld

0

0 1/
Lq

0 0

⎤
⎥⎦

δm =

⎡
⎢⎢⎣

− Lq
Ld

ωe0iq0

Ld
Lq

ωe0id0

− pTL
J

⎤
⎥⎥⎦

Cm =
⎡
⎣ 1 0 0

0 1 0
0 0 1

⎤
⎦

Dm = 0.

This model is discretized with a definite sampling time
Ts using the forward Euler approximation method. The dis-
cretized state-space model of the system is as follows:

x (k + 1) = Ax (k) + Bu (k) + δ (9)

y (k) = Cx (k) + Du (k) (10)

where

A = I + AmTs =
⎡
⎢⎢⎢⎢⎣

(
1 − Rs

Ld
Ts

)
Lq
Ld

Tsωe0
Lq
Ld

Tsiq0

−Ld
Lq

Tsωe0

(
1 − Rs

Lq
Ts

)
−Ts

(
Ld
Lq

id0 + ϕ f
Lq

)

0 Ts

(
3P2ϕ f

2J

) (
1 − By

J Ts

)

⎤
⎥⎥⎥⎥⎦

B = BmTs =

⎡
⎢⎣

Ts
/
Ld

0

0 Ts
/
Lq

0 0

⎤
⎥⎦

δ = δmTs =

⎡
⎢⎢⎣

−Tsωe0iq0

Tsωe0id0

−Ts

(
pTL
J

)

⎤
⎥⎥⎦

C = Cm

D = Dm.

B. COST FUNCTION
The M2PSC controller will replace the PI controllers of the
FOC topology to achieve the proposed method. The following
cost function will be calculated for each voltage vector:

g = (ud (k) − vd (k))2 + (
uq (k) − vq (k)

)2
(11)

where udq(k) will be calculated by solving the following
equation [31]:

j =
ny∑

k=1

eT (k) Q (k) e (k) +
nu−1∑
k=0

udq
T (k) R (k) udq (k) .

(12)
j is subjected to a discretized and linearized PMSM state-

space model in (9) and (10), where e(k) = y(k) − r(k) is the
(l ∗ 1) error, y(k) is the (l ∗ 1) system output, r(k) is the
(l ∗ 1) reference input, udq(k) is the (m ∗ 1) optimal voltage
vector, Q(k) and R(k) are (l ∗ l), (m ∗ m) weighting matrices,
m is the number of inputs, l is the number of outputs, n is the
number of states, and nu is the control horizon. The model can
be employed recursively to find the predictions over the pre-
diction horizon ny to overcome the delay effects, for instance

x̂ (k + 1) = Pxx (k) + Hxûdq (k) (13)

ŷ (k + 1) = Px (k) + Hûdq (k) (14)

where

x̂ (k + 1) =

⎡
⎢⎢⎢⎢⎢⎣

x (k + 1)
x (k + 2)
x (k + 3)

...
x

(
k + ny

)

⎤
⎥⎥⎥⎥⎥⎦

, Px =

⎡
⎢⎢⎢⎢⎢⎣

A
A2

A3

...
Any

⎤
⎥⎥⎥⎥⎥⎦

Hx =

⎡
⎢⎢⎢⎢⎢⎣

B 0 0 . . .

AB B 0 . . .

A2B AB B . . .
...

...
...

...
Any−1B Any−2B Any−3B . . .

⎤
⎥⎥⎥⎥⎥⎦

ûdq (k) =

⎡
⎢⎢⎢⎢⎢⎣

udq (k)
udq (k + 1)
udq (k + 2)

...
udq

(
k + ny − 1

)

⎤
⎥⎥⎥⎥⎥⎦

ŷ (k + 1) =

⎡
⎢⎢⎢⎢⎢⎣

y (k + 1)
y (k + 2)
y (k + 3)

...
y

(
k + ny

)

⎤
⎥⎥⎥⎥⎥⎦

; P =

⎡
⎢⎢⎢⎢⎢⎣

CA
CA2

CA3

...
CAny

⎤
⎥⎥⎥⎥⎥⎦

H =

⎡
⎢⎢⎢⎢⎢⎣

CB 0 0 . . .

CAB CB 0 . . .

CA2B CAB CB . . .
...

...
...

...
CAny−1B CAny−2B CAny−3B . . .

⎤
⎥⎥⎥⎥⎥⎦

.

x̂(k + 1) is the (n ∗ ny) ∗ 1 predicted system states, while
ŷ(k + 1) is the (l ∗ ny) ∗ 1 system output, ûdq(k) is the
(m ∗ ny) ∗ 1 optimal voltage vector, and Px , Hx , P, H are
the (n ∗ ny) ∗ n, (n ∗ ny) ∗ (m ∗ ny), (l ∗ ny) ∗ n, (l ∗ ny) ∗
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(m ∗ ny) system parameters all over ny. The result of mini-
mizing (11) for udq(k) is given by the following:

udq(k) = L[(HTQ̂(k)H + HTQ̂T(k)H

+ 2R̂ T(k))−1 2HTQ̂T(k)(r̂(k) − Px(k))] (15)

where L (m ∗ (m ∗ ny)) = [I : O], I is an (m ∗ m) identity
matrix, and O is a m ∗ (m ∗ ny − m) zero matrix, r̂(k) is the
(l ∗ ny) ∗ 1 system reference, Q̂(k) and R̂(k) are (l ∗ ny) ∗
(l ∗ ny), (m ∗ nu − 1) ∗ (m ∗ nu − 1) weighting matrices. Sys-
tem input constraints have been considered for the given
calculations such as

umin ≤ udq (k) ≤ umax (16)

where umax is vdc/2 and umin is −vdc/2.
The duty cycles for the active vectors, di and d j , and the

zero vector, d0, will be calculated such as follows [24]:

di =
∣∣∣∣∣∣

uq (k) s j
d (k) − ud (k) s j

q (k)

vdc (s j
d (k) si

q (k) −
(

si
d (k) s j

q (k)
)
∣∣∣∣∣∣ (17)

d j =
∣∣∣∣∣∣

uq (k) si
d (k) − ud (k) si

q (k)

vdc (si
d (k) s j

q (k) −
(

s j
d (k) si

q (k)
)
∣∣∣∣∣∣ (18)

d0 = 1 − di − d j . (19)

vdc is the applied dc voltage, i = 1, 2, . . . , 5, 6, and j =
2, 3, . . . , 6, 1. The ssq(k) matrix can be defined as follows:

ssq (k) =
[

s1 s1 + s2 s2 s2 + s3 s3 s1 + s3

s4 s4 + s5 s5 s5 + s6 s6 s4 + s6

]
(20)

where s1, s2, s3, s4, s5, and s6 equal
( 2

3 cos θ
)
,(

− 1
3 cos θ +

√
3

3 sin θ
)

,
(
− 1

3 cos θ −
√

3
3 sin θ

)
,

(− 2
3 sin θ

)
,(

1
3 sin θ +

√
3

3 cos θ
)

, and
(

1
3 sin θ −

√
3

3 cos θ
)

. The timing

for the applied voltage vector can be calculated as follows
[28]:

tx = dxTs (21)

where x = i, j, or 0, then

ti + t j + t0 = Ts. (22)

The final cost function will be

gM2PSC = digi + d j g j . (23)

The cost function given in (23) will be considered to find
the optimal switching patterns to achieve the given udq(k)
in (15) as presented in Fig. 1. The three-phase modulation
signals will be calculated based on the timing calculations in
(21) of the optimal sector as illustrated in Fig. 2.

C. WEIGHTING FACTOR ADAPTATION
Another improvement has been included for a more robust
operation of the proposed controller. An integrator loop is
implemented to provide an online adaptation of the speed

FIGURE 1. Proposed cost function concept.

FIGURE 2. SVPWM voltage vectors.

weighting factor given at (15). The expression for Q3(k) based
on the forward Euler method is given by the following:

Q3 (k) = Q3 (k − 1) + kiTs
(
ωm

∗ (k − 1) − ωm (k − 1)
)
(24)

where ki is the integrator gain, ω∗
m is the reference me-

chanical angular velocity, and ωm is the mechanical angular
velocity. As a result, the weighting factor will be mod-
ified to eliminate the SSE from the speed response and
to improve the speed response against load disturbances
among different operating conditions. It provides a reason-
able solution for the weighting factor adaptation and is easy
to implement considering the overall strategy’s calculation
burden.

D. EXTENDED STATE OBSERVER DESIGN
After eliminating the cascaded FOC loops, it is required to
provide the reference value for the quadrature current com-
ponent as the speed PI controller is not given. An ESO is
implemented to estimate the load torque value based on the
measured iq and ωm [32]. The observer gains have been
designed based on the standard characteristics equation of
the second-order system. Considering friction coefficient By

equals zero, then the reference value for the quadrature current
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FIGURE 3. Proposed M2PSC strategy.

component i∗q can be calculated such as [33]

i∗q = −2

3p2Jϕ f

(
2J2ωm − 2J2ω∗

m

− 2J pTLEstimated + 1.5p2Jϕ f iq
)

(25)

where TLEstimated is the estimated load torque. The block di-
agram of the proposed strategy is illustrated in Fig. 3. The
blue part combines the mathematical model and cost function
operations, the weighting factor adapting loop is highlighted
in green, while the yellow part includes the ESO and i∗q
calculations.

III. SIMULATION RESULTS
To assess the addressed control method and loops, simulations
were conducted using MATLAB/Simulink. Table 1 lists the
parameters of the surface-mounted PMSM machine used in

this analysis. Discrete-time blocks are used to illustrate con-
trol methods, and the inverter’s switching model is employed
to simulate the inverter at a dc bus voltage of 220 V. When
the reference voltage is applied from the controller to the
machine, a step time delay is considered. The resistive volt-
age drop across diodes, transistors, and the dead time have
been overlooked. Besides, 10 kHz has been chosen for the
switching frequency as an applicable value for most of the
available inverters in the market. The control system dynamics
were examined during a step change in the mechanical load
to investigate the system performance. Both prediction and
control horizons are settled for three samples to provide an
acceptable prediction window and calculation burden.

Fig. 4 shows the speed behavior of the proposed strat-
egy, PI, noncascaded MPC, and M2PC controllers against a
load torque of 2 N·m at an operating speed of 1000 r/min.
Based on the pole-zero cancellation technique, the PI current
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TABLE 1. PMSM Parameters

FIGURE 4. Speed response for the given strategies.

controller has been finetuned. To get the highest dynamic
performance for the PI controller and higher disturbance
rejection with minimal overshoot, the bandwidth has been
chosen to be 0.33 of the switching frequency, as shown
by the equations kp = ωo ∗ l and ki = ωo ∗ r, given that ωo

is the controller bandwidth [34]. For PI and M2PC con-
trollers, the speed loop has been controlled using the same
gains.

The system has achieved faster dynamic response by
0.09485 s without overshoot or SSE for the given strategy
compared to 0.1021, 0.1387, and 0.1103 s for PI, MPC, and
M2PC controllers, respectively. An overshoot of 0.065% is
noticed for the PI controller and 0.2% for the MPC controller.
Moreover, a step change to the load torque of 2 N·m has
been applied at t = 0.5 s. The proposed strategy provides an
improved response against load disturbance compared to other
methods. The PI controller gives under and overshoots of
0.5%, 0.08%, and 0.1% for MPC, while M2PC shows 0.17%
and 0.14% against load variations.

FIGURE 5. M2PSC strategy with (blue) and without (red) the weighting
factor adaptation.

FIGURE 6. M2PSC strategy with (blue) and without (red) the ESO loop.

The effectiveness of the implemented ESO and integrator
for speed weighting factor adaptation loops have been ver-
ified during the same loading and operating condition. In
Fig. 5, the system has reached the speed operating point of
1000 r/min without SSE while achieving 960 r/min without
the online adaptation. Additionally, the speed has dropped
under loading condition leading to higher SSE in contrast to
the robust behavior based on the implemented integrator loop.
On the other hand, the torque and idq components show better
behavior during the PMSM acceleration state employing the
employed ESO as illustrated in Fig. 6. The torque has zero
SSE throughout the loading condition, while it is 1% without
the given ESO loop. Furthermore, the id component has an
SSE of 0.25 A, while it is 0.05 A through the given ESO loop.

IV. EXPERIMENTAL RESULTS
A. PERFORMANCE ANALYSIS
The proposed strategy has been evaluated and compared with
other controllers through the illustrated testing rig in Fig. 7
for the same surface-mounted PMSM machine model given in
Table 1. The control system is developed based on the
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FIGURE 7. Experimental testing rig.

FIGURE 8. Block diagram of the experimental test rig.

dSPACE MicroLabBox controller. The given values for
switching frequency, prediction, and control horizons in the
simulation work are considered. An interface board is intro-
duced to amplify the PWM signals from the dSPACE to the
required level of the three-phase two-level IGBT SKAI in-
verter at a dc bus voltage of 220 V. In addition, it provides the
necessary electric isolation between the power converter and
the dSPACE controller. Three-phase current measurements
are maintained throughout LEM current transducers. More-
over, an LEM voltage transducer is employed for the dc bus
voltage measurement. A Magtrol dynamometer system is used
to brake the PMSM motor. The proposed strategy computa-
tional time is 22.36 μs. A block diagram for the experimental
test rig is presented in Fig. 8.

Fig. 9 shows the speed response of the PI, noncascaded
MPC, M2PC, and M2PSC controllers. The proposed strat-
egy shows a faster dynamic response and reaches a speed
of 1000 r/min without overshoot compared to 2% for MPC,
4.9% for M2PC, and 5.7% for PI controllers. A load torque
of 2 N·m is applied at t = 5 s. The proposed strategy gives a
robust speed response against load torque disturbance without
under or overshoot. In contrast, under and overshoots of 3.1%
and 4.6% are noticed for PI, and 3.4% and 5.2% for M2PC
methods under load variations. The adaptation of the speed
weighting factor of the proposed strategy for the given speed
behavior in Fig. 9 is presented in Fig. 10. The Q3 value is
adapted according to the system behavior resulting in a robust

FIGURE 9. Speed response against the applied torque.

FIGURE 10. Adapted weighting factor behavior.

FIGURE 11. Estimated load torque.

response for the PMSM speed, while the estimated load torque
is illustrated in Fig. 11.

Besides, Fig. 12 illustrates the current loop response of
direct and quadrature components during the system loading
for the given strategies. The proposed strategy shows a zero
SSE for the Id component compared to 1.5 A for the MPC con-
troller throughout the loading condition. A speed step change
is performed at t = 0.5 s from 500 to 1000 r/min considering
a 2 N·m load as given in Fig. 13. The proposed strategy shows
a faster response than other methods. Overshoots of 3% and
3.3% are noticed for PI and M2PC controllers, respectively,
while the MPC controller achieved a slower response by
0.6230 s.

B. THD ANALYSIS
A total harmonic distortion (THD) evaluation has been per-
formed for phase “a” current considering the same operating
condition of 1000 r/min and 2 N·m. The proposed methodol-
ogy shows lower current distortion with a THD percentage of
5.65% in contrast to 9.48% and 7.82% for PI and MPC con-
trollers, respectively. However, M2PC gives a slightly lower
THD by 0.1%. Fast Fourier transfer (FFT) analysis for the
given strategies is illustrated in Fig. 14. The THD analysis
outcomes are summarized in Table 2.
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FIGURE 12. Current loops response of (a) PI, (b) MPC, (c) M2PC, and (d)
the proposed strategy.

TABLE 2. THD Analysis for the Given Strategies

C. ROBUSTNESS ANALYSIS
A parameter mismatch has emerged to validate the proposed
algorithm’s robustness. The resistance value is raised by 50%,
and the dq inductance components are reduced by 5% from
the nominal values in Table 1. Similar performance is no-
ticed for the speed and dq current loops in Fig. 15(a) and
(b), respectively, compared to the aforementioned behavior
in Figs. 9 and 12(d) for the nominal parameters’ operation.
However, a slight increase in the THD to 6.39% is observed
as illustrated in Fig. 15(c).

FIGURE 13. Speed step change.

FIGURE 14. FFT analysis of phase “a” current for (a) PI, (b) MPC, (c) M2PC,
and (c) the proposed strategy.
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FIGURE 15. (a) Speed response, (b) current loops response, and (c) FFT
analysis for phase “a” current under parameter mismatch of 50% for Rs

and 5% for Ldq for the proposed strategy.

V. CONCLUSION
A speed control method employing modulated model predic-
tive control has been presented. The speed weighting factor
of the cost function is online tuned to eliminate the SSE
from the speed response. Additionally, an ESO is provided
for the load torque estimation for a more robust operation. The
simulation and practical results prove the proposed method’s
ability to have an error-free speed performance and faster
dynamic response under different operating conditions com-
pared to predictive and PI strategies. The weighting factor and
estimated torque curves proved the successful implementation
of the controller loops and reflected in system performance.
Besides, the proposed method offered a robust behavior in the
presence of a parameter mismatch in the system model.
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