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Abstract—This article presents a real-time realization of a
continuous-control-set model predictive current controller for the
two types of permanent magnet synchronous machines: 1) surface-
mounted permanent magnet synchronous machine (SMPMSM)
and 2) interior permanent magnet synchronous machine (IPMSM).
The constrained optimization problem is solved online using a
slack formulation of the primal-dual interior-point method. The
proposed controller is tested on a 14.5 kW SMPMSM based on
the linear time-invariant (LTI) model of the machine and on a 0.5
kW IPMSM. For the latter, we present in detail how the nonlinear
first-principles modeling yields the fastest possible transient as
well as an offset-free steady-state performance. The experimen-
tal results were obtained at sampling times typically used in the
electrical drive applications (125 and 100 µs for the two machines,
respectively).

Index Terms—Continuous-control-set model predictive control
(CCS-MPC), first-principles nonlinear modeling, interior-point
(IP) based optimization, permanent magnet synchronous
machines.

I. INTRODUCTION

P ERMANENT magnet synchronous motors (PMSMs) are
broadly used in a wide range of industrial applications

due to their advantageous characteristics, such as their com-
pact design, high energy density and efficiency, reliability, and
fast torque response [1]. High-performance current control is
required for an optimal operation of PMSMs. Among others,
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Fig. 1. General concept of discrete-time MPC with a prediction horizon
length N .

model predictive control (MPC) has been extensively studied for
this task [2]. MPC relies on a mathematical model that represents
the dynamics of the plant under control in order to predict its
response within a predefined prediction time horizon N . By
minimizing a cost functional that describes the control objec-
tive, a parameterized control input sequence is to be found by
solving an optimal control problem (OCP) subjected to an initial
condition, corresponding system dynamics, and constraints of
the system states and control inputs. The feedback is achieved
in MPC by the receding horizon principle that at each sampling
period, the prediction horizon is moved forward into the future
by one step, while applying only the first control input from the
obtained control sequence to the plant [3]. The general concept of
discrete-time MPC is depicted in Fig. 1, whereU is the sequence
of control inputs, Y is the sequence of system outputs, and Y ref

is the sequence of reference outputs.
Since the very early implementations of MPC schemes in

the field of power electronics and electrical drives [4]–[6], the
vast majority of publications have investigated the direct variant
of MPC, which is finite-control-set model predictive control
(FCS-MPC) [7]–[10]. In FCS-MPC, the OCP is solved by a
combinatorial approach that evaluates the finite set of possible
system transitions, governed by the finite set of output voltage
vectors (VVs) of power converters.

Owing to the absence of a modulator, applying one VV at
a complete sampling period as in the case with FCS-MPC
results in relatively high ripples on the tracked states at typical
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sampling intervals, especially for low-inductance machines. To
this end, FCS-MPC schemes need to operate at very high sam-
pling frequencies in order to provide an acceptable steady-state
performance. Experimental validation for the current control
loop with FCS-MPC schemes for synchronous machines us-
ing field-programmable gate arrays (FPGAs) has recently been
reported at 40 and 100 kHz in [11] and [12], respectively.

The other variant of MPC in power electronic applications is
the indirect MPC. This variant is based on finding a continuous-
time optimal VV either numerically by minimizing a cost func-
tional in continuous-control-set model predictive control (CCS-
MPC) or analytically by using a deadbeat function in deadbeat
MPC. The continuous-time optimal VV is to be realized by using
the adjacent VVs with corresponding timings via a modulation
scheme. By doing this, the general advantages of MPC are kept,
such as handling of constraints, incorporation of nonlinearities,
fast dynamic response, and the use of multiobjective cost func-
tions. This is achieved while obtaining a favorable steady-state
performance, albeit at the expense of having more switching
efforts due to the use of a modulator. The key performance
differences between direct and indirect MPC are as follows:

1) When sampled at the same frequency, CCS-MPC yields
significantly less current ripples than FCS-MPC [13].

2) In transients, despite that indirect MPC methods can reach
the new reference state at the end of only one sampling
step, FCS-MPC when sampled at significantly higher fre-
quencies can provide faster dynamic response.1,2

To clarify these differences, a simulative study is carried
out for the current control of an interior permanent magnet
synchronous machine (IPMSM), where a conventional FCS-
MPC controller with a sampling frequency fsa = 100 kHz with
no penalty on the switching effort in the cost function and a
CCS-MPC controller with a sampling frequency fsa = 10 kHz
are compared. The results are depicted in Fig. 2(a) for FCS-
MPC, in Fig. 2(b) for CCS-MPC with a current measurement
at each switching state transition within the sampling period
[eight sampling points at each sampling period Ts for the used
symmetrical space vector modulation (SVM)], and in Fig. 2(c)
for CCS-MPC with only one current measurement at the middle
of each sampling period. On the one hand, it can be observed
that FCS-MPC has significantly higher ripples, albeit that it
was sampled at a ten times higher sampling. On the other
hand, even though CCS-MPC has reached the new reference
current amplitude in only one sampling interval of Ts = 100μs,
FCS-MPC has reached it in only 40 μs, despite in four sampling
periods.

Methods to combine these two contradictory objectives in
electrical drive systems of having the fastest possible dynamics
with respect to the physical limit of the plant and an optimal

1The nature of solving the FCS-MPC problem by enumeration approaches
makes it possible to benefit from parallel computations by using FPGAs and,
hence, achieve extremely fast sampling times in contrary to CCS-MPC.

2For a comprehensive understanding of this fact, the resolution of current
measurements needs to be high enough to detect the complete state’s evolution
within one sampling period corresponding to each switching transition. This
can be easily done in simulation as presented in Fig. 2(b); however, in practice,
the current is mostly measured only once at the middle of the sampling period,
which is applied in the experimental part throughout this article.

Fig. 2. Example to illustrate the conceptual difference in transients and steady-
state ripple between FCS-MPC and CCS-MPC applied for the current control of
a synchronous machine. (a) FCS-MPC with fsa = 100 kHz, and the current is
measured once at the beginning of each sampling interval. (b) CCS-MPC with
fsa = 10 kHz, and the current is measured eight times at each transition within
a PWM cycle within each sampling period. (c) CCS-MPC with fsa = 10 kHz,
and the current is measured only once at the middle of each sampling period.
(d) Sketch to illustrate where the current is being measured within the sampling
period and the symmetrical SVM.

steady-state performance in terms of minimal ripples and total
harmonic distortion (THD) content were proposed in the lit-
erature. Proposals along these lines include model predictive
pulse pattern control (MP3C) [10], [14], which adopts MPC to
obtain a deadbeat-like fast transient performance with optimal
precomputed pulse patterns in steady-state operation [15]. An-
other proposal in the same direction is the variable-switching-
point model predictive control (VSP-MPC) [16]–[18], in which
the optimal VV is not being applied at equidistant intervals
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as with the conventional FCS-MPC, but at a variable switch-
ing point in time, which consequently reduce the steady-state
ripples while keeping the fast dynamic performance that char-
acterizes direct control methods. However, the offline opti-
mization leads to losing the sense of accountability for unseen
disturbances/faults/model mismatches in MP3C, and applying
only one VV at each sampling period leads to nonminimal
ripples and THD in the steady-state in VSP-MPC. In [19], a
recent and comprehensive review of the different MPC methods
in electrical drive applications was presented.

To this end, CCS-MPC is attractive as long as a mathematical
model that represents the nonlinear drive system behavior in
the whole operating range is available [20], and an efficient
numerical solver is able to iteratively evaluate the model online
in the submillisecond sampling time range.

Solving the underlying OCP with CCS-MPC in real time in
the submillisecond range is challenging. This has limited the
number of real-time implementations of CCS-MPC schemes in
the literature. A nonlinear MPC scheme was presented based on
the Lagrangian method in combination with a real-time gradient
method using the framework grampc with a sampling time of
500 μs for IPMSMs in [21] and for induction machines in
[22]. In [23] and [24], an active-set solver for the quadratic
programming problem considering input and state constraints of
an isotropic synchronous motor with a sampling time of 300 μs
was proposed, however, assuming a linear time-invariant (LTI)
model. In [25], a nonlinear MPC scheme using the framework
acado was presented for synchronous reluctance machines with
a sampling time of 250 μs. The proposed CCS-MPC scheme in
this article is implemented experimentally with the sampling
times of 125 and 100 μs for a surface-mounted permanent
magnet synchronous machine (SMPMSM) and an IPMSM,
respectively. The contributions of this article are as follows:

1) A thorough nonlinear modeling of the PMSM drive system
is presented, which is essential for the optimal perfor-
mance of model-based control, in contrary to the mostly
used simple LTI models. This includes the PMSM model
parameter identification, the inverter nonlinearity and the
inevitable angle delay compensation (ADC), and the mea-
surement synchronization. Moreover, a compact literature
survey about integral action approaches with MPC in
electrical machine control is included.

2) An efficient numerical solver based on a slack formulation
of the primal-dual interior-point (IP) method to solve the
underlying constrained OCP of the CCS-MPC for PMSMs
is proposed.

3) Experimental results on an IPMSM and an SMPMSM
prove the validity and effectiveness of the proposed mod-
eling procedure and control scheme.

II. MATHEMATICAL MODELING

In this section, the generic model of the two-level voltage-
source inverter (VSI) is presented, and its voltage drop is an-
alyzed and compensated. Furthermore, the generic model of
PMSMs is introduced in the rotatingdq reference frame [26], and

Fig. 3. Output VVs of a two-level VSI in the stationary α− β plane.

the state-of-the-art procedure to identify the model parameters
is presented.

A. Two-Level Inverter

Direct-to-alternating power converters have a finite set of
output VVs. Thus, the control input vector

uk ∈ {u1, . . .,um} (1)

where m is the number of output VVs of the power converter
under consideration, and m = 8 for the two-level VSI. The
ac-side voltage of the inverter ufabc is determined with respect
to the dc-link voltage udc based on the switching states vec-
tor sabc = (sa, sb, sc)

�, where sp ∈ {0, 1} for p ∈ {a, b, c}
[27]. The finite output VVs of a two-level VSI are depicted in
Fig. 3. In practice, the semiconducting switches that form the
power modules of the inverter are exposed to a nonideal and
nonlinear switching behavior. Therefore, a deviation between
the commanded and measured VVs exists. To illustrate this
effect, the shaft of the IPMSM was locked, and commanded
reference VVs that cover the whole α− β plane have been
applied. The motor stator resistance is measured to be 38.5 mΩ
and is assumed to be constant. The measured currents are shown
in black in Fig. 4(a), where the commanded reference currents,
which are computed from the commanded VVs and the known
resistance, are shown in green. A clear mismatch can be observed
in Fig. 4(a). The state-of-the-art method to compensate for this
effect is to obtain a phase-voltage compensation curve as a
function of the phase current and to use it as a lookup table
(LUT) feedforward compensation in the model-based control.
To do so, one phase voltage is kept at 0 V, the second phase
voltage gets ascending reference voltages, while the third phase
gets descending references. The real obtained voltage at each ref-
erence is then computed from the three-phase measured currents
and the known stator resistance. This test is repeated with the
other two possible phase combinations. The obtained missing
phase-voltage compensation curves are shown in Fig. 4(b). In
Fig. 4(c), the results after the compensation are shown in a grid
of 928 VVs that covers the whole α− β plane.



HAMMOUD et al.: ON CONTINUOUS-SET MODEL PREDICTIVE CONTROL OF PERMANENT MAGNET SYNCHRONOUS MACHINES 10363

Fig. 4. Braked-motor test to illustrate the effect of the voltage drop in a two-level VSI. (a) Reference and measured current vectors—inverter voltage drop effect.
(b) VSI missing voltage as a function of the phase current in the abc frame. (c) Reference and measured current vectors—with the compensation.

B. Permanent Magnet Synchronous Machine

The mathematical model of a three-phase PMSM in the
rotating dq reference frame is expressed as [28]

ud = Rsid +
d

dt
ψ
(id,iq)
d − ωelψ

(id,iq)
q (2a)

uq = Rsiq +
d

dt
ψ
(id,iq)
q + ωelψ

(id,iq)
d (2b)

where

ψ
(id,iq)
d = ψ

(iq)
p + L

(id,iq)
d id (3a)

ψ
(id,iq)
q = L

(id,iq)
q iq (3b)

d

dt
ψd =

d

dt
ψp + L

(id,iq)
dd

did
dt

+ L
(id,iq)
dq

diq
dt

(3c)

d

dt
ψq = L

(id,iq)
qq

diq
dt

+ L
(id,iq)
qd

did
dt

(3d)

and ψ
(iq)
p equals ψ(id=0,iq)

d . The absolute and differential in-
ductances are current dependent. The absolute inductances are
defined as

L
(id,iq)
d =

ψ
(id,iq)
d − ψ

(iq)
p

id
(4a)

L
(id,iq)
q =

ψ
(id,iq)
q

iq
(4b)

where the differential inductances are defined as the partial
derivatives of the fluxes along the currents

L
(id,iq)
dd =

∂ψd
∂id

(5a) L
(id,iq)
dq =

∂ψd
∂iq

(5b)

L
(id,iq)
qd =

∂ψq
∂id

(5c) L
(id,iq)
qq =

∂ψq
∂iq

. (5d)

To this end, substituting (3) into (2) yields the nonlinear model
of PMSMs. However, to facilitate the numerical optimization in
real-time in the available submillisecond sampling time range,
the following assumptions can be realistically made:

1) The time derivative of the permanent magnet flux linkage
d
dtψp is set to be zero [28].

2) The cross-saturation is to be neglected. Hence, the mutual
differential inductances Ldq and Lqd tend to zero [29].

This has a minor effect in prediction as their values are
typically one order of magnitude less than self-differential
inductances Ldd and Lqq [30].

3) The self differential inductances Ldd and Lqq are highly
correlated with the absolute inductances Ld and Lq [28].
Slight differences occur only at high motor speeds. Thus,
it is assumed that Ldd ≈ Ld and Lqq ≈ Lq [21].

With these three simplifications, the nonlinear dynamic model
of PMSMs is expressed as

ud = Rsid + Ld
did
dt

− ωelLqiq (6a)

uq = Rsiq + Lq
diq
dt

+ ωelLdid + ωelψp (6b)

where ud and uq are the stator voltages (in volts), id and iq
are the stator currents (in amperes), Ld and Lq are the current-
dependent inductances (in henries) (for SMPMSM Ld = Lq ,
where for IPMSM Ld �= Lq [27]),Rs is the stator resistance (in
ohms), ψp is the permanent magnet flux linkage (in weber) and
is a function of iq , and ωel is the electrical angular speed (in
rad · s−1), ωel = npωme, where np is the number of pole pairs,
and ωme is the mechanical rotor speed (in rad · s−1).

For the MPC controller design, the system dynamics (6) are
discretized using the explicit Euler discretization method with a
sampling time Ts. The discrete time-variant model is expressed
in the state-space representation such as

xk+1 = Akxk +Bkuk + gk,x0 = x̃0 (7a)

yk = Cxk (7b)

where k represents the discrete time index; x̃0 is the mea-
surement at the beginning of the prediction interval; x ∈ RNx ,
u ∈ RNu , and y ∈ RNy are the state, input, and output vectors
withNx,Nu, andNy as the number of states, inputs, and outputs,
respectively; Ak and Bk are the time-variant system matrices;
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Fig. 5. Obtained parameters maps. (a) ψp =ψ
(id=0,iq)

d
(in red). (b) d-axis inductance. (c) q-axis inductance.

and C is the output matrix, and defined as3

Ak =

[
1− TsRs

Ld,k

Lq,k

Ld,k
Tsωel,k

−Ld,k

Lq,k
Tsωel,k 1− TsRs

Lq,k

]
,xk =

(
id,k

iq,k

)

Bk =

[
Ts

Ld,k
0

0 Ts

Lq,k

]
,uk =

(
ud,k

uq,k

)
, gk =

(
0

−Tsωel,kψp,k

Lq,k

)

C =

[
1 0

0 1

]
,yk =

(
id,k

iq,k

)
. (8)

The standard procedure to identify the current-dependent
parameters (Ld, Lq, ψp) in model (8) is to control the motor
shaft speed via a load motor and to inject reference steady-state
currents in the complete id − iq plane with an appropriate grid
resolution. The stator resistance is to be measured, and then, the
fluxes can be computed at each steady-state point as

ψd =
uq −Rsiq

ωel
(9a) ψq = −ud −Rsid

ωel
. (9b)

Then, the absolute inductances can be calculated as in (4). For
the IPMSM used in the experimental validation in this article, the
parameters are identified using the aforementioned procedure at
ωme = 500 r/min with a grid resolution of 0.5 A. The obtained
parameters maps are smoothed with the spline interpolation
method [32] and are depicted in Fig. 5.

C. Measurement Synchronization

The current is being measured at the middle of each sampling
period Ts, while the voltage is being applied at the end of one
sampling period/beginning of the upcoming one. This misalign-
ment between the time instant when the computed voltage is
applied and the current is measured must be compensated for
in prediction for control as well as in parameter estimation
and model identification [33]. For prediction in control, once
a prediction model is available, this comes in the form of initial
condition correction for the system states. This is done by

3In FCS-MPC, in order to allow the direct penalization of the average
switching frequency, the state prediction equation is typically expressed as
xk+1 = Akxk +BkP kuk + gk , with P and uk being defined as in [31],
and all other vectors and matrices being consistent with (8).

Fig. 6. Aligning the current measurement with the computed voltage by
predicting its value half a cycle ahead and using the predicted value as an initial
state in the MPC scheme.

predicting the values of the states half a cycle ahead, i.e.,

xk = x̃k +
Ts
2
f (10)

with the system dynamics vector f defined as(
fd

fq

)
=
dx

dt
=

( −Rsid
Ld

+
Lqωeliq
Ld

+ ud

Ld−Rsiq
Lq

− Ldωelid
Lq

+
uq

Lq
− ωelψp

Lq

)
. (11)

By this, the effect of applying uk−1 for the upcoming half
sampling period since the current was measured is compensated
for. This is illustrated in Fig. 6. This is the measurement syn-
chronization used in this article.

D. Angle Delay Compensation

Owing to the needed signal processing time for the digital
implementation of control schemes, an inevitable time delay
occurs and causes an undesirable voltage mismatch [34]. In the
dq frame, this comes in a form of rotating speed-dependent error
VV. This effect can be observed by injecting a zero current in the
d and q axes, and increasing the motor speed via the load machine
while observing the needed stator voltage to maintain the zero
current. When no ADC is considered, a deviation between the
regulator voltages and their references occurs. The reference
voltages to inject zero current can be computed directly by
setting the currents and their derivatives to zero in (6), resulting
in

uref
d = 0 (12a) uref

q = ωelψp. (12b)
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Fig. 7. Injecting zero current with increasing the shaft speed via the load
machine. Stator voltages and their references and the measured speed (a) without
ADC and (b) with ADC.

This affects the d-axis more significantly, as can be seen in
Fig. 7(a). The state-of-the-art method to compensate for this
delay is to add a speed-dependent angle compensation term of
1.5Tsωel when converting the optimal VV from the controller to
the inverter duty cycles. This compensation method is referred
to as phase advancing compensation [34]. The test is repeated
with this compensation, and the computed voltages are aligned
with their references, as shown in Fig. 7(b).

E. Integral Action

Whether a simple LTI or a more complex nonlinear model of
the drive system is incorporated within the model-based control
design, modeling errors do exist. Hence, an integral action func-
tionality is always needed. To enhance the robustness of MPC
schemes against modeling mismatches, several approaches were
proposed in the literature:

1) discrete-time integrator that is computed from a feedback
loop with the measured outputs and their setpoints and is
used as an additive control input added to the MPC control
input [35], [36];

2) δu formulation of the OCP or the use of incremental state-
space models with inductance observers [36]–[38];

3) state-space model augmentation with a disturbance or
integral state d. The model augmentation can be in the
form of discrete-time integrators [39] or the most com-
mon choice of a fictitious integrating disturbance model
[40]–[43]. This method was implemented with FCS-MPC
in [44] and [45], with a constrained CCS-MPC in [25],
and with an unconstrained CCS-MPC in [46]. A recent
review of disturbance observers for MPC in electrical
drives applications is made in [47];

4) persistence step disturbance compensation deals with
incorrect steady-state gains yielded from the difference

between the real model and the one used in the MPC
formulation. This discrepancy is subtracted from the refer-
ence trajectory, and this yields an offset-free performance
for asymptotically stable systems [48]. This approach was
applied with a CCS-MPC controller in [24].

5) online parameter estimation of the fixed-structure model
used in the controller online. For this purpose, different
estimation techniques were proposed, such as recursive
least squares, extended and unscented Kalman filters, and
moving horizon estimators, to mention a few. A detailed
overview of these parameter estimation approaches for
PMSMs can be found in [49]–[51] and the references
therein.

To this end, the aforementioned methods are extensively
investigated in the literature to be combined with model-based
controllers for electrical drives while using simple LTI mod-
els and choosing to abandon the inclusion of easy-to-include
knowledge about the hardware (i.e., ADC, inverter nonlinearity
compensation, and measurement synchronization). Despite the
simplicity of this choice, and that it can assure an offset-free
performance in the steady state, neglecting the possible inclusion
of the nonlinear model yields a poor or at least suboptimal dy-
namic performance and higher ripples on the tracked states. This
article is meant to motivate the use of nonlinear models and the
known knowledge about the drive systems within model-based
controllers. By doing so, it is shown in the experimental re-
sults section that the fastest possible transient performance with
respect to the available control inputs and sampling frequency
can be achieved in PMSM drive systems. The proposed nonlin-
ear model-based CCS-MPC scheme is real-time implementable
within the 100 μs sampling time typically available in such an
application.

III. CONTINUOUS-CONTROL-SET MODEL PREDICTIVE

CONTROL

The real-time implementation of the CCS-MPC controller
relies on two main pillars: a proper mathematical model that rep-
resents the system dynamics, and an efficient numerical solver.
In the previous section, we showed the procedure of obtaining
such a model based on physical first-principle laws. A recent
promising alternative is to obtain data-driven models purely
from measurements using artificial intelligence methods [20],
[33]. In this section, an efficient numerical solver is proposed to
solve the underlying optimization problem in real-time, thereby
addressing a major reason of the considerable less attention in
the community toward the CCS-MPC variant of MPC in power
electronic applications over FCS-MPC.

A. Problem Formulation

The standard control objectives for the current control task of
PMSMs are to penalize the deviation of the stator currents from
their references and the rate of change of the control inputs.
These objectives are formulated in the standard cost function,
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such as

J(u) =
1

2

N−1∑
i=0

(yk+1+i − rk+1+i)
�Q(yk+1+i − rk+1+i)

+ Δu�
k+iRΔuk+i (13)

with Q = Q� � 0 and R = R� � 0 being the weighting ma-
trices to weight the different control objectives accordingly with
the appropriate dimensions. The vector rk+1+i is the reference
vector of the system outputs, Δuk+i = (uk+i − uk+i−1)

� is
the vector of the control input increments, and N represents the
length of the prediction horizon.

The hexagonal voltage constraints formed by the discrete VVs
of the inverter in the α− β and d− q reference frames can be
approximated by the inner circle inscribed within the hexagon
in indirect control, as depicted in Fig. 3, such that at any discrete
time instant, the following holds:√

u2d,k + u2q,k ≤ udc√
3
. (14)

To prevent overheating, and for an optimal operation of the
drive components (the battery, the inverter, and the motor itself),
current constraints are imposed as√

i2d,k + i2q,k ≤ Imax. (15)

To this end, the OCP is stated as

min
u

J(u) (16a)

s.t. (7a), (7b), (14), (15). (16b)

B. IP Solver

In this section, the numerical solver used to simplify and find
an approximate solution of the stated optimization problem in
(16) in real time is presented. The solver is based on a slack
formulation of the primal-dual IP method [52]. For the sake of
generality, the dimensions of the zero and identity matrices (O
and I , respectively) are explicitly defined. The barrier param-
eter τ is fixed as in [53], and the maximum allowed number
of iterations of the solver as well as the maximum possible
line-search evaluations are limited. These settings yielded the
expected performance in a real-time-capable manner within the
available sampling time. At the beginning of each sampling
period, the solver starts with an initial guess of ξk as the decision
variables vector. After that, the Karush–Kuhn–Tucker (KKT)
system of equations is built iteratively with the actual values of
ξk, μk, λk, and sk, as a primal variable vector, dual variable
vectors, and a slack variable vector, respectively. After solving
the KKT system, a Newton direction is decided and a line search
is to be performed in order to assure progress in each iteration.
The variable α is scaled down iteratively within the line-search
loop until the inequality constraint elements of the dual variable
or the slack variables are positive. Once α is determined, a
Newton step is taken, and the updated decision variable vector is
computed. The algorithm is presented in Algorithm 1. The vari-
ables nξ, ni, and ne represent the number of decision variables,

Fig. 8. Proposed CCS-MPC scheme.

Fig. 9. IPMSM test bench: 1) main motor (IPMSM); 2) load motor (IPMSM);
3) torque sensor; 4) dSPACE Microautobox II; 5) two-level VSI from Texas
Instruments and current and dc-link voltage sensors and measurements board;
and 6) Ottbox commercial speed regulator for the load motor.

inequality constraints, and equality constraints, respectively.
The Lagrangian is denoted as L and is defined as

L = J(ξ) + λ�g(ξ) + μ�h(ξ) (17)

where its Hessian is denoted with H . The .∗ operation is used
to denote elementwise multiplication. A further speedup of
the algorithm can be made by solving the KKT system more
efficiently based on the result from [54]. A schematic diagram
of the CCS-MPC scheme is shown in Fig. 8.

IV. EXPERIMENTAL RESULTS

In this section, an experimental implementation of the CCS-
MPC scheme for the current control task of PMSMs based on the
proposed numerical solver is presented. First, it is tested based
on the detailed nonlinear model obtained in Section II on a 500
W IPMSM. Second, an experimental validation on a 14.5 kW
SMPMSM with a simple LTI model is presented.

A. Nonlinear CCS-MPC for an IPMSM

The test bench is depicted in Fig. 9. It consists of two IPMSMs
coupled via a torque sensor. The load machine is speed-regulated
and is driven by a commercial Ottbox controller. The main motor
is current-regulated, and is fed by a two-level VSI from Texas
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Instruments, where the control scheme is deployed on a dSPACE
Microautobox II 1513/1514.

The tests are meant to show the accuracy of the current
tracking at different operating points, the robustness against load
variation, and the fast dynamic performance in transients while
fulfilling the system constraints.

In Fig. 10, constant references of iq = 10 A and id = −2 A
were given, while the shaft speed stepped between 500 and
1500 r/min. It can be observed that, the speed variation is
decoupled from the current tracking. It is noted that the current
ripple is higher at 1500 r/min than at 500 r/min, that is because
the parameter maps shown in Fig. 5 were obtained at 500 r/min.
For machines that operate at a way higher speed range, the motor
parameter maps have to be obtained at different speeds with the
same procedure, and a 3-D LUT is to be used, i.e., letting the
parameters be functions of id, iq , and ωme.

Fig. 10. Robustness test against speed variation.

The steady-state tracking results are presented in Fig. 11. Step
changes for iref

d from −10 to −5 A to 0 A at a constant iref
q

of 5 A were given. The tracking results of this scenario are
depicted in Fig. 11(a) for ωme = 250 r/min, in Fig. 11(b) for
ωme = 500 r/min, and in Fig. 11(c) for ωme = 1000r/min. In
Fig. 11(d)–(f), step changes of iref

q from 15 A to 10 A to 5 A at
constant iref

d of 0 A are shown at the same three different motor
speeds of 250, 500, and 1000 r/min, respectively. The proposed
CCS-MPC scheme proved to provide accurate tracking of both
axes’ currents at different speeds. However, at double the speed
at which the model parameters were obtained, a slight offset is
observed in Fig. 11(c). Thus, obtaining the model parameters at
different speeds and interpolating in between them or having a
simple steady-state integral action is a necessity for an offset-free
performance over the whole speed range, even when a detailed
nonlinear model is incorporated.

An essential benefit of using the nonlinear model is to gain
the fastest possible performance in transients without significant
over- or undershooting. This is illustrated from the transient test
scenarios shown in Fig. 12. A step-up of iref

q from 1 to 17 A is
commanded, and the results are shown at 500 and 1500 r/min
in Fig. 12(a) and (c), respectively. Noting that the currents are
measured in the middle of each sampling period, as explained
in Section II-C, and with respect to the maximum available
control input, as shown in Fig. 12(b) and (d) (i.e., the voltage
amplitudes for the tests in Fig. 12(a) and (c), respectively), the
fast dynamic response of the proposed controller with minimal
over/undershoot and with fulfilling the input constraints is man-
ifested. A step-down of iref

d from 0 to−12 A at 500 r/min is made
in Fig. 12(e) with the corresponding voltage amplitude shown
in Fig. 12(f), and the same at a speed of 1500 r/min is shown in
Fig. 12(g) with the corresponding voltage in Fig. 12(h). Similar
conclusions are drawn from the d-axis current transient.

B. Linear CCS-MPC for a SMPMSM

In this subsection, the proposed CCS-MPC scheme is im-
plemented on a 14.5 kW SMPMSM using an LTI model. The
motor parameters are Rs = 0.15 Ω, Ld = Lq = 3.4 mH,
ψp = 0.375 Wb, np = 3 pole pairs, the nominal ωme =
209 rad · s−1, and udc = 560 V. The test bench is depicted in
Fig. 13. The sampling frequency is 8 kHz, and a prediction
horizon N = 2 is used. The measured execution time Tex is
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Fig. 11. Steady-state current tracking results using a CCS-MPC scheme based on the nonlinear model: id steps from −10 to −5 to 0 A at iq = 5A at (a) 250 r/min,
(b) 500 r/min, and (c) 1000 r/min, and iq steps from 15 to 10 to 5 A at id = 0A at (d) 250 r/min, (e) 500 r/min, and (f) 1000 r/min.

Fig. 12. Dynamic response using the proposed CCS-MPC scheme for a step-up change of iref
q from 1 to 17 A at 500 r/min is shown in (a) with the stator voltage

amplitude and its constraint shown for that test in (b); the same test was repeated at 1500r/min, and the results are shown in (c) and (d); a step-down change of iref
d

from 0 to −12 A at 500 r/min is shown in (e) with its stator voltage in (f); in (g) and (h), the same results are shown for the same step change at 1500 r/min.

Fig. 13. SMPMSM test bench: 1) main motor (SMPMSM); 2) load motor
(doubly fed induction motor); 3) torque sensor; 4) dSPACE DS1007; and 5)
two-level VSI from SEW drives.

shown in Fig. 14. The experimental results were obtained once
while using solely an LTI model of the plant and again while

Fig. 14. Measured execution time of the proposed CCS-MPC scheme mea-
sured on the dSPACE DS1007 platform.

using a discrete-time integral action as an additive control input
to compensate for the model mismatch. In Fig. 15(a), step
changes of the reference torque producing current iref

q from 12 to
24 A at iref

d = 0 A and ωme = 120 rad · s−1 were given, while the
motor is controlled by the CCS-MPC scheme without an integral
action. Slight persistent offsets are observed. In Fig. 15(b), an
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Fig. 15. Experimental results of the proposed CCS-MPC scheme on an SMPMSM. (a) Current tracking results using the LTI model without an integral action.
(b) Current tracking results using the LTI model with an additive integral action term. (c) Step dynamic of iref

q from 0 to 15 A at ωme = 120 rad · s−1 with the LTI
model and without integral action, and the corresponding voltage constraint fulfillment is depicted in (d), and in (e) and (f), the same step change was made with
an integral action.

additive discrete-time integrating control input is added to the
MPC control input for the same test scenario, and hence, an
offset-free performance is obtained. To investigate the transient
response of the linear MPC scheme with and without an integral
action, and to check the input constraint fulfillment, the voltage
amplitude is limited to 200 V and a step change of iref

q from 0 to
15 A is made atωme = 120 rad · s−1. The current tracking results
of this test are shown for the linear MPC without an integrator
in Fig. 15(c) with the voltage amplitude in Fig. 15(d), and for
the linear MPC with an integral action in Fig. 15(e) and (f).
The input constraints are completely fulfilled. The expense of
using a simple LTI model appears again, as can be seen from
the overshoot in the current tracking and the slight offset in
id in Fig. 15(c). The offset-free performance obtained with the
integral action besides the MPC comes at the expense of more
fluctuations around the reference, as can be seen in Fig. 15(e),
and the overshoot still persist to occur.

V. CONCLUSION

In this article, a CCS-MPC scheme for PMSMs based on the
nonlinear first-principles model of the machine was proposed.
The performance gain of using the nonlinear model was quan-
tified over the widely used simple LTI models in MPC schemes
for the control of electrical machines. The results obtained in this
article motivated the use of the nonlinear modeling procedure
presented in this article in order to obtain minimal steady-state
ripples, tracking offsets, over/undershoot, and fast dynamic
response with MPC controllers. The proposed control scheme
based on the IP numerical solver was experimentally tested on
an IPMSM and an SMPMSM. The experimental results showed
that the proposed scheme is capable of being implemented in

real time in the submillisecond range typically available for
the current control loop of electrical machines and showed an
optimal transient as well as steady-state performance, while
fulfilling the system constraints.
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Mare University of Suceava, Suceava, Romania, in 2018. He is a Fellow of the
Institution of Engineering and Technology and a Chartered Engineer in the U.K.
Within the IEEE, he is Treasurer of the Germany Section and the ECCE Global
Partnership Chair of the IEEE PELS.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


