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ABSTRACT In this paper, a multi-input multi-output (MIMO) model predictive direct torque control
(MPDTC) strategy for a dual mechanical port machine (DMPM) is proposed. A MIMO state space model
is developed, incorporating the electromagnetic interaction between the stator, inner rotor, and outer rotor
of the DMPM. The prediction model is then derived to adjust the currents of stator and inner rotor
windings, enabling independent control of the electromagnetic torques of the mechanical ports. Compared to
single-input single-output based MPC and PI-based field-oriented control strategies, the proposed approach
effectively mitigates the undesired electromagnetic interactions, guaranteeing smooth speed control of both
mechanical ports. The simulation results carried out byMATLAB/Simulink verify the precise performance of
theDMPM in different operatingmodes. TheHardware-in-the-Loop results further confirm that the proposed
direct torque control not only regulates the inner and outer rotor independently, but can also be executed in
real-time without posing any computational burden on the processor. A sensitivity analysis for evaluating the
performance of the proposed strategy in the presence of variations in the electrical parameters of the DMPM
is also provided.

INDEX TERMS Dual mechanical port machine, model predictive control, direct torque control, multi-input
multi-output systems, hardware in the loop.

I. INTRODUCTION
Electrical machines (EMs) are the most critical propulsion
component in different applications, such as wind energy
systems and electric vehicles. Various types of EMs have
already been proposed by researchers and engineers to cover
specific needs of these applications. Induction and permanent
magnet synchronous machines with a single mechanical port
are the most well-known ones in the industry. Over the
past decade, however, the concept of dual mechanical ports
machines (DMPM) was introduced by the researchers [1],
[2]. Due to its smaller size and cost-effectiveness, the DMPM
has found applications in various fields, such as pure electric
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vehicle [3], [4], [5], hybrid electric vehicle [6], [7], [8], [9],
wind energy systems [10], [11], [12], and others [13].

Unlike traditional EMs, which can adjust only onemechan-
ical output using one or two electrical inputs, a DMPM
offers the unique capability of controlling two mechanical
ports using just one or two electrical ports. Depending on
the location of the stator and rotor, as well as the type of
the rotor, such as squirrel cage, permanent magnet (PM),
or wound, various configurations for creating a DMPM are
feasible [5]. A DMPM with an electric port in the stator,
a wound inner rotor, and a PM outer rotor, provides two
control freedoms for independent control of the mechanical
ports, leading to improved dynamic performance in hybrid
electric vehicles [7]. However, achieving independent control
in DMPMs is challenging due to the electromagnetic
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interactions between magnetic fields of the stator, inner rotor,
and PM rotor, where the variations in the torque and speed
of the inner rotor inversely affect the dynamic performance
of the outer rotor and vice versa. Simple field-oriented
control (FOC) strategy is developed in [6], [8], [9], and [14],
without considering the magnetic fields interactions. In [15],
a dc-field winding is added into the DMPM to create a
decoupling bridge between the stator and inner rotor in
a way that the stator flux can be separately modulated
while maintaining the rotor flux linkage. A torque controller
considering the electromagnetic coupling is then developed
that combines the stator, dc-field, and inner rotor currents
for minimizing the copper and iron losses in every operating
condition. In [16], the PM rotor is replaced by a squirrel
cage rotor to lower the machine’s cost and to improve
the thermal tolerance. Considering the magnetic coupling
between stator and outer rotor, and inner and outer rotors,
an independent control algorithm for controlling both rotors
is presented. In [17], decoupling terms are feed-forwarded
into the conventional field oriented control to minimize the
magnetic interactions. Using a special design in [18], the
flux coupling between two windings located in the stator
of a brush-less DMPM is mitigated, making the use of
conventional FOC feasible.

Owing to the significant developments in the processor
manufacturing, the model predictive control (MPC) has
become much more applicable for electric drives [19].
Compared with the conventional control strategies, the MPC
can easily control the nonlinear and multi-input multi-
output (MIMO) systems, while considering the system’s
constraints and uncertainties. For controlling the DMPM,
two finite-set model predictive control (FS-MPC) strategies
are reported in [20] and [21], where two independent MPC
algorithms are employed for independent speed control of
the inner and outer rotors of a DMPM. For this purpose,
the dynamic equations of the inner and outer machines
are first used to create two separate single-input single
output (SISO) prediction models. By neglecting the mutual
effects of electrical ports, two completely independent cost
functions are developed to individually evaluate the feasible
switching set of each inverter and to obtain the optimum
switching state in the next sampling instant. This leads
to an unshaped speed adjustment of the DMPM. To offer
the advantages of the model predictive control and at the
same time removing the undesired interactions between
ports, a multi-input multi-output based model predictive
direct torque control (MPDTC) is proposed in this paper.
Instead of controlling the stator and inner rotors’ inverters
with two independent FS-MPC loops, a comprehensive cost
function containing the control variables of both outputs
is defined so that the optimum switching states of both
inverters are obtained simultaneously, while their undesired
effects on the other output are taken into consideration.
In other words, the two three-phase inverters are assumed to
operate as a single six-leg inverter with 26 = 64 feasible
switching states. The dynamic equations of both inner and

outer rotors are accordingly merged to create a MIMO
prediction model. A multi-objective cost function containing
the control objectives of both ports is also developed to find
the optimum switching state that leads to an overall minimum
cost function. Using this strategy, the mutual impact of
inverters is considered so that the undesired electromagnetic
interaction between mechanical ports can be effectively
mitigated. Consequently, the precise and independent control
of both mechanical ports is guaranteed. The performance of
the proposed strategy in different operating modes is eval-
uated using MATLAB/Simulink. The real-time assessment
of the proposed approach is also verified using Typhoon
HIL 602 and dSPACE 1103 devices. Both simulation and
hardware results are finally compared with the conventional
FOC and SISO-based MPC strategies. A sensitivity analysis
for evaluating the impacts of the electrical parameters on the
performance of the proposed strategy is also reported.

In Section II, the application of DMPM in HEV is
introduced and the dynamic model of the DMPM is
presented. The multi-input multi-output state space of the
DMPM is derived in Section III. The model predictive direct
control strategy is then proposed in this section. Simulation
results are given in Section IV. Hardware-in-the-loop results
and real-time execution analysis are respectively provided in
Section V and Section VI. Finally, a sensitivity analysis is
developed in Section VII.

II. DMPM-BASED HYBRID ELECTRIC VEHICLE
A. DMPM APPLICATION IN HEVs
HEVs can be categorized into three groups based on their
structures: series hybrid, parallel hybrid, and series-parallel
hybrid [8]. Despite their more complex design, series-
parallel HEVs combine the advantages of both series and
parallel hybrids. Due to the presence of more energy flow
paths and operating modes compared to other configurations,
power management and control strategies become more
intricate. To interface the Internal Combustion Engine (ICE)
and two electrical machines (one serving as a motor and
the other as a generator) with the vehicle’s drive-train,
a planetary gear set is employed. This arrangement enables
the vehicle to achieve desirable speeds while ensuring the
ICE operates within its most fuel-efficient speed range [7].
Consequently, the planetary gear set not only combines the
driving power from the ICE and electric motor/generator, but
also acts as a continuous variable transmission. However, the
inclusion of two electrical machines, two power electronic
inverters, and a set of planetary gearboxes makes the traction
system more complex and increases its size. An alternative
solution, the DMP machine, presents an opportunity to
achieve all the functions and benefits offered by existingHEV
technologies within a single, compact package as shown in
Fig. 1. The DMP machine replaces the planetary gearbox
and the two electric machines found in conventional series-
parallel HEVs, simplifying their structures. Furthermore, this
design eliminates the mechanical losses associated with the
planetary gear.
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FIGURE 1. Application of a DMPM in hybrid electric vehicle.

FIGURE 2. Cross section of a two-pole three-phase dual mechanical port
machine with a wound inner rotor and a permanent magnet outer rotor.

B. DMPM DYNAMIC MODELING
The structure of a dual mechanical port machine is shown
in Fig. 2. Although different configurations to create a dual
rotor electric machine are feasible [5], a dual rotor machine
containing two electrical ports, i.e., stator and inner rotor
windings, and two mechanical ports named inner and outer
rotors, is used in this study. According to the literature, the
inner and outer rotors can be either a permanent magnet,
squirrel cage, or wound rotor [5], [22], [23]. While a
wound rotor might increase the losses and requires frequent
maintenance due to the presence of the brushes, the inner
and outer rotors are respectively considered wound and PM
rotors in this paper to provide more control flexibility. In this
case, the stator and inner rotor windings serve as input ports,

individually connected to three-phase DC/AC inverters as
depicted in Fig. 1. The inverters are responsible for adjusting
the windings’ voltages, ensuring that both mechanical ports
can accurately track their reference values. The conventional
controller for DMPM employs a field oriented control
approach, where speed control of the inner and outer ports
is conducted without considering the interactions between
magnetic fields. This leads to unshaped speed control, where
the variations in torque and speed of the inner rotor adversely
affect the performance of the outer rotor, and vice versa.
To address this limitation, a multi-input multi-output direct
torque model with predictive control is proposed, which
takes into account the undesired electromagnetic interactions
between different ports. To achieve this, the prediction model
of the DMPM machine is required. According to [1], [6],
[7], [8] and [9], the dynamic model of the stator in the outer
reference frame is represented as follows:

Vqs = rsiqs +
dλqs

dt
+ ωpmλds (1)

Vds = rsids +
dλds

dt
− ωpmλqs (2)

where Vds, Vqs, ids, and iqs are the stator voltage and current in
the synchronous reference frame, ωpm is the electrical speed
of the outer rotor, and rs is the stator resistance. λds and
λqs denote for the stator flux linkages in the synchronous
reference frame and are obtained by:

λds = Ldsids + Lmd idr + λm (3)

λqs = Lqsiqs + Lmqiqr (4)

where Lds and Lqs are stator self-inductance for d- and q-axis,
respectively, Lmd and Lmq are mutual inductance between
inner rotor and stator windings, and λm is the flux linkage
produced by outer rotor. Similarly, the dynamic model for
inner rotor can be also expressed by:

Vqr = rr iqr +
dλqr

dt
+ (ωpm − ωr )λdr (5)

Vdr = rsidr +
dλdr

dt
− (ωpm − ωr )λqr (6)

where Vr , ir are the inner rotor voltage and current in the
reference frame, ωr is the electrical speed of the inner rotor,
and rr is the rotor resistance. λdr and λqr represent the rotor
flux linkages in dq frame and are defined by:

λdr = Ldr idr + Lmd ids + λm (7)

λqr = Lqr iqr + Lmqiqs (8)

where Ldr and Lqr are rotor self-inductance for d- and q-axis,
respectively. The dynamic model for the mechanical ports are
written as:

Te,pm − TL,pm = Jpm
dωom

dt
+ Bpmωpm (9)

Te,in − TL,in = Jin
dωin

dt
+ Binωin (10)

where Te,pm and Te,in are the developed electromagnetic
torques, Jpm and Jin are inertia, and Bpm and Bin are friction
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coefficients for outer and inner rotors, respectively. The
electromagnetic torques are then obtained as follows:

Te,pm =
3
2
pλm(iqs + iqr ) (11)

Te,in =
3
2
p(λmiqr + λdsiqr − λqsidr ) (12)

where p denotes the number of pole pairs. Considering the
stator and rotor currents as the state variables and voltages
as control variables, the electrical dynamic equations can be
written as follows:

diqs
dt

=
1

σqLqs

[
Vqs − γqrVqr − rsiqs + γqrrr iqr

− idr
(
ωpmLmd − γqrLdr (ωpm − ωr )

)
− ids

(
ωpmLds − γqrLmd (ωpm − ωr )

)
− λm

(
ωpm − γqr (ωpm − ωr )

)]
(13)

dids
dt

=
1

σdLds

[
Vds − γdrVdr − rsids + γdrrr idr

+ iqr
(
ωpmLmq − γdrLqr (ωpm − ωr )

)
+ iqs

(
ωpmLqs − γdrLmq(ωpm − ωr )

)]
(14)

diqr
dt

=
1

σqLqr

[
Vqr − γqsVqs − rr iqr + γqsrsiqs

− ids
(
(ωpm − ωr )Lmd − γqsLdsωpm

)
− idr

(
(ωpm − ωr )Ldr − γqsLmdωpm

)
− λm

(
(ωpm − ωr ) − γqsωpm

)]
(15)

didr
dt

=
1

σdLdr

[
Vdr − γdsVds − rr idr + γdsrsids

+ iqs
(
(ωpm − ωr )Lmq − γdsLqsωpm

)
+ iqr

(
(ωpm − ωr )Lqr − γdsLmqωpm

)]
(16)

where

σq = (1 −
Lmq
LqsLqr

), σd = (1 −
Lmd
LdsLdr

)

γqs =
Lmq
Lqs

, γds =
Lmd
Lds

, γqr =
Lmq
Lqr

, γdr =
Lmd
Ldr

III. MODEL PREDICTIVE CONTROL
The FS-MPC predicts the control variables for all feasi-
ble switching states within a specific prediction horizon.
To achieve this, the dynamic model of the system is first
discretized, and prediction models in terms of the input
variables and control variables at the current instant (k)
are derived to predict the objective variables over the next
sampling period (k + 1). A pre-defined cost function,
containing the cumulative error between the predicted control
variables and their reference values over the prediction
horizon, is then evaluated for each switching state. Finally,
the switching state resulting in the minimum cost is selected
and applied at the next sampling time (k + 1). The schematic
of the proposed model predictive direct torque control for a
DMPM based HEV is depicted in Fig. 3.

FIGURE 3. Model predictive direct torque control scheme for DMPM
based HEV.

A. PREDICTION MODEL
To implement the direct torque control using the MPC
approach, it is essential to define prediction models for
the electrical state variables of the system. Utilizing the
Euler approximation, the prediction model of the system for
predicting the state variables in the next sampling period is
obtained as follows:

iqs(k + 1)

=

[
V ∗
qs − γqrV ∗

qr − rsiqs(k) + γqrrr iqr (k)

− idr (k)
(
ωpmLmd − γqrLdr

(
ωpm(k) − ωr (k)

))
− ids(k)

(
ωpm(k)Lds − γqrLmd

(
ωpm(k) − ωr (k)

))
− λm

(
ωpm(k) − γqr

(
ωpm(k) − ωr (k)

))]
×

Ts
σqLqs

+ iqs(k) (17)

ids(k + 1)

=

[
V ∗
ds − γdrV ∗

dr − rsids(k) + γdrrr idr (k)

+ iqr (k)
(
ωpm(k)Lmq − γdrLqr

(
ωpm(k) − ωr (k)

))
+ iqs(k)

(
ωpm(k)Lqs − γdrLmq

(
ωpm(k)

− ωr (k)
))]

×
Ts

σdLds
+ ids(k) (18)

iqr (k + 1)

=

[
V ∗
qr − γqsV ∗

qs − rr iqr (k) + γqsrsiqs(k)
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TABLE 1. Possible switching states and voltage vectors for two-level
three-phase inverters shown in Fig. 3.

− ids(k)
((

ωpm(k) − ωr (k)
)
Lmd − γqsLdsωpm(k)

)
− idr (k)

((
ωpm(k) − ωr (k)

)
Ldr − γqsLmdωpm(k)

)
− λm

((
ωpm(k) − ωr (k)

)
−γqsωpm(k)

)]
×

1
σqLqr

+ iqr (k) (19)

idr (k + 1)

=

[
V ∗
dr − γdsV ∗

ds − rr idr (k) + γdsrsids(k)

+ iqs(k)
((

ωpm(k) − ωr (k)
)
Lmq − γdsLqsωpm(k)

)
+ iqr (k)

((
ωpm(k) − ωr (k)

)
Lqr

− γdsLmqωpm(k)
)]

×
Ts

σdLdr
+ idr (k) (20)

where Ts is the sampling time. V ∗
s and V ∗

r are the
control variables for stator and rotor windings, respectively.
Considering a two-level three-phase inverter for interfacing
both stator and inner rotor windings as shown in Fig. 3,
the feasible switching states and therefore, the synthesized
voltage vectors are summarized in Table 1, where ‘‘i’’ denotes
‘‘s’’ for stator winding and ‘‘r’’ for inner rotor winding.
It is worth mentioning that due to employing a FCS-MPC
strategy in this paper, the constraints on the control variables
are already taken into account. In other words, only valid
switching states of the inverters are taken into consideration,
which limits the number of switching states to 64.

The objective variables including the electromagnetic
torques and linkage fluxes in the next sampling period are
then predicted as follows:

Te,pm(k + 1) =
3
2
pλm

(
iqs(k + 1) + iqr (k + 1)

)
Te,in(k + 1) =

3
2
p
(
λmiqr (k + 1) + λds(k + 1)iqr (k + 1)

− λqs(k + 1)idr (k + 1)
)

(21)

and

λds(k + 1) = Ldsids(k + 1) + Lmd idr (k + 1) + λm

λqs(k + 1) = Lqsiqs(k + 1) + Lmqiqr (k + 1)

λdr (k + 1) = Ldr idr (k + 1) + Lmd ids(k + 1) + λm

λqr (k + 1) = Lqr iqr (k + 1) + Lmqiqs(k + 1) (22)

B. COST FUNCTION
From (17) to (20), it can be deduced that switching states
of the stator inverter not only construct the stator voltage,
but also have undesirable effects on the inner rotor current
and vice versa. This implies that the switching states of
the inverters cannot be optimized independently. Therefore,
in this paper, a MIMO direct torque MPC is developed,
taking into account this undesired electromagnetic interaction
between different ports. For this purpose, a common cost
function incorporating the error of objective variables from
both ports is formulated as follows:

C .F . = ∥Te,pm(k + 1) − T ∗
e,pm∥ + wpm∥λs(k + 1) − λ∗

s ∥

+ ∥Te,in(k + 1) − T ∗
e,in∥ + win∥λr (k + 1) − λ∗

r ∥

(23)

where T ∗
e,pm and T ∗

e,in are the reference torques for the
outer and inner rotors, respectively, provided by the speed
controllers shown in Fig. 3. λ∗

s and λ∗
r are the reference fluxes

for stator and inner rotor, respectively, which are calculated
using Eqs. (24) and (25) to guarantee the maximum torque
per ampere and minimum losses [8], [14].

λ∗
s =

√
λ2m +

(Lsq
k

(
T ∗
in + T ∗

pm
)
−
Lmq
k
T ∗
in

)2
(24)

λ∗
r =

√
λ2m +

(
−
Lrq
k
T ∗
in +

Lmq
k

(
T ∗
in + T ∗

pm
))2

(25)

where k =
√
3/2 × p × λm. It is noted that to balance

the cost function, all variables involved in the function have
been normalized. The weighting factor, wpm and win, are then
used for prioritizing between torque and flux errors. In a
conventional MPC [24], the weighing factor is defined as
w = Tn/λn to give the same precedence to both objectives.
In the proposed strategy, however, the normalized values
are used for torque and flux components incorporated in
the cost function. Therefore, the weighing factors are set to
1 to balance the objectives in the cost function. Furthermore,
in order to demonstrate that setting the weighting factors
equal to 1 yields the optimal results, the tracking error of
the control objectives provided in Eq. (23) is measured, while
varying the weighting factors between 0.1 and 1. As shown in
Fig. 4, the minimum error is obtained when both weighting
factors are set to 1.

C. VALID SWITCHING STATES
To account for the interaction between ports, all feasible
switching states of the two inverters should be simultaneously
considered. In other words, rather than optimizing the
switching state of each inverter independently by evaluating
its individual cost function with eight valid switching vectors,
the two inverters are virtually combined to form a six-leg
converter. As a result, there are now 26 valid switching
states that need to be considered at each sampling time to
determine the best switching state for both ports concurrently.
According to (17) and (18), the stator current depends on
the voltage vectors created by both stator and inner rotor
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FIGURE 4. Variation of tracking error versus the variation of weighting
factors.

FIGURE 5. The procedure of finding the optimum switching states of the
inverters during each sampling period.

inverters, while only the switching states of the stator-side
inverter are considered to predict the stator current in the
SISO-based strategy. On the other hand, the inner rotor
current also depends on the voltage vectors created by both
electric ports (see (19)-(20)), but the SISO-based strategy
only evaluates the switching states of the inner rotor inverter
to predict the inner rotor current and optimize the switching
state. In the proposed strategy, the DMPM is considered as
MIMO system in which the switching states of both ports
are optimized simultaneously considering the mutual effects
between the switching states of different ports. As a result, the
undesired electromagnetic interactions caused by individual
control of different ports can be mitigated by the proposed
strategy.

The procedure for finding the optimum switching state at
each sampling time is depicted in Fig. 5. As can be seen,
the DMPM’s parameters are first given to the controller.
By defining the counter i, a decimal value corresponding to

TABLE 2. Specification of dual mechanical port machine.

each possible switching state is created in every iteration. This
decimal value is then converted to a 6-bit binary number,
which represents the i-th switching vector candidate. The
three most significant bits and the three least significant bits
of the binary number are respectively considered the i-th
switching vectors of the stator and inner rotor windings. The
stator and inner rotor currents are then predicted using Eqs.
(17) to (20) considering the generated candidate switching
states. The torques and fluxes for both ports are also
calculated using Eqs. (21) and (22). Finally, the cost function
defined in (23) is calculated for the corresponding candidate
switching vector, and it is selected as the optimum one if
it leads to the minimum cost function. Otherwise, it is not
considered, and by increasing the counter, the next possible
switching vector is produced and the calculation repeats.

IV. SIMULATION RESULTS
The performance of the proposed MPDTC strategy is evalu-
ated under different operating conditions. For this purpose,
different speed and load torque profiles are considered as
shown in Fig. 6. Despite the fact that the inner rotor only
functions as a generator in a HEV due to its direct connection
to internal combustion engine, as shown in Fig. 1, the load
applied to the inner rotor contains both positive and negative
values to confirm the performance of the proposed MPDTC
in four-quadrant operation. The specification of the DMPM
is summarized in Table 2. Figs. 6(a) and (b) illustrate the
rotational speeds of the outer and inner rotors when the
conventional PI controller is used, where PI controllers are
tuned using the Ziegler–Nichols method. As can be seen, the
speed of the outer rotor is inversely affected by the speed
and torque variations of the inner rotor. The green circles
and squares show the moment when the torque and speed of
the inner rotor change, respectively. As depicted in Fig. 6(c)
the electromagnetic torque in the outer rotor is considerably
affected by torque variations in the inner rotor, confirming
the unfavorable interactions between ports. It can also be
deduced from Fig. 6(c) and (d) that the electromagnetic
torques suffer from a significant ripple of around 40%.

Considering the same operating conditions, the perfor-
mance of the DMPM controlled by a SISO based model
predictive current control is evaluated as presented in Fig. 7.
Despite experiencing improvements in terms of torque
ripple (see Fig. 7(c) and (d)) and transient response (see
Fig. 7(a) and (b)) compared with the conventional PI con-
troller, the DMPM still encounters undesired electromagnetic
interactions between ports that have an adverse impact on
the independent control of the mechanical ports. Using the
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FIGURE 6. Simulations results with conventional FOC control, (a) rotational speed of the outer rotor, (b) rotational speed of inner rotor,
(c) electromagnetic torque of the outer rotor, and (d) electromagnetic torque of the inner rotor.

FIGURE 7. Simulations results with SISO based model predictive current control strategy, (a) rotational speed of the outer rotor, (b) rotational speed
of inner rotor, (c) electromagnetic torque of the outer rotor, and (d) electromagnetic torque of the inner rotor.

same reference speed and torque profiles, the simulation
results when the proposed MPDTC is utilized are presented
in Fig. 8. As shown in Figs. 8(c) and (d), there is no
undesired effect on the outer rotor caused by inner rotor
torque variations, indicating that the proposed strategy can
effectivelymitigate the undesired flux interaction between the
ports. This results in precise speed control of the inner and

outer rotors, as depicted in Figs. 8(a) and (b), respectively.
Compared with the PI control strategy, the proposed approach
also improves the dynamic performance of the machine
in terms of settling time and torque ripple. In Fig. 8(d),
the moments at 10 seconds and 30 seconds correspond
to significant changes in the direction of the inner rotor’s
rotational speed. At 10 seconds, the speed reference shifts
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FIGURE 8. Simulations results with proposed MIMO model predictive direct control strategy, (a) rotational speed of the outer rotor, (b) rotational
speed of inner rotor, (c) electromagnetic torque of the outer rotor, and (d) electromagnetic torque of the inner rotor.

FIGURE 9. Stator linkage flux, (a) conventional FOC strategy,
(b) SISO-based MPC, and (c) proposed MPDTC strategy.

from 157 rad/s to -157 rad/s. Consequently, while a positive
load is applied to the inner rotor, a substantial negative
electromagnetic torque is required to decelerate the rotational
speed from 157 rad/s to 0 rad/s, and subsequently accelerate
it in the opposite direction to reach -157 rad/s. Similarly, at
30 seconds, the speed reference changes from -157 rad/s to
157 rad/s, demanding a high positive electromagnetic torque
to decelerate the speed from -157 rad/s to 0 rad/s, and then
accelerate it in the opposite direction.

The proposed strategy can precisely track the reference
values for stator and inner rotor fluxes, as shown in
Figs. 9 and 10, respectively. Three-phase stator and inner
rotor current in presence of different control strategies are
respectively demonstrated in Figs. 11 and 12. As can be
seen, the variations of the current are well-matched with
the variations of the load torques. The zoomed out intervals

FIGURE 10. Inner rotor linkage flux, (a) conventional FOC strategy,
(b) SISO-based MPC, and (c) proposed MPDTC strategy.

demonstrate themoment that the rotational speed of the rotors
reverse. As a result, the frequency of the currents reduce and
their polarity change.

To highlight the superior dynamic performance of the
proposed strategy compared with the conventional methods,
a quantitative comparison is provided in Table 3 in which the
settling time and overshoot of the outer rotor are considered
as comparison criteria. As can be seen, the proposed strategy
not only offers an undesired electromagnetic interaction
cancellation capability, but it also improves the dynamic
response of the DMPM in terms of settling time and
overshoot.

V. HARDWARE-IN-THE-LOOP RESULTS
To validate the proposed MPDTC strategy, its performance
for independent speed control of inner and outer rotors is
evaluated using hardware-in-the-loop (HIL) results. To this
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FIGURE 11. Three-phase current of the stator winding, (a) conventional
FOC strategy, (b) SISO-based MPC, and (c) proposed MPDTC.

end, Typhoon HIL 602 and dSPACE 1103 are respectively
used to implement the electrical parts, including inverters
and DMPM, and the control part in real-time. The HIL test
setup is shown in Fig. 13. Fig. 14 depicts the rotational
speed of inner and outer rotors when the applied loads
are changed in a constant reference speed while using the
conventional FOC and proposed MTDPC. As expected, the
variations in the inner rotor speed affects the outer rotor
speed, confirming the undesired electromagnetic interaction
between ports in the conventional control strategy. However,
when the proposed MPDTC is applied, this electromagnetic
interaction is removed, so that the load changes in the inner
rotor do not affect the rotational speed of the outer rotor.
The performance of the DMPM in tracking a speed change
for inner and outer rotors in presence of conventional and
proposed MPDTC is compared in Fig. 15. Again, it is
revealed that the proposed strategy successfully mitigates the
undesired electromagnetic coupling between inner and outer
rotors, such that the inner rotor’s speed is not affected by the
speed change of the inner rotor. It can be also deduced from
Fig. 15 that the proposed MPDTC can improve the dynamic
performance of the DMPM compared to the conventional
FOC strategy. Three-phase currents for stator and inner rotor

FIGURE 12. Three-phase current of the inner rotor winding,
(a) conventional FOC strategy, (b) SISO-based MPC strategy, and
(c) proposed MPDTC strategy.

FIGURE 13. Hardware-in-the-loop setup.

windings in presence of MPDTC strategy are also illustrated
in Fig. 16. The quantitative comparison of the HIL results
is summarized in Table 4. It is successfully revealed that
the proposed strategy can significantly improve the dynamic
performance of the DMPM compared with the conventional

133738 VOLUME 11, 2023



H. Bizhani et al.: MIMO MPDTC for DMPM

FIGURE 14. HIL results - rotational speed of inner and outer rotors,
(a) conventional FOC strategy, and (b) proposed MPDTC strategy.

TABLE 3. Quantitative comparison of simulation results.

FOC control strategy. In terms of output ripple, however, the
proposed strategy stands in the second rank.

It is noted that the FS-MPC strategy employed in this
study falls under the category of constant state per sample
(CSPS) control techniques, wherein the switching state
remains unchanged during each sampling period. As a
consequence, if the output deviates beyond the expected
upper or lower band around the reference value, the control
signal remains unaltered, potentially resulting in a higher-
than-anticipated output ripple. In contrast, the conventional
PWM control strategy allows for modulation of the switching
pulse within each switching period, enabling fine control
over the output ripple. To address the issue of higher ripple
encountered in CSPS control strategies, an increase in the
sampling frequency may prove beneficial. By elevating the
sampling frequency, the system can more swiftly adapt to
variations in the output, reducing the magnitude of ripple
and enhancing the overall control performance. However,
achieving a higher sampling frequency to reduce the ripple

TABLE 4. Quantitative Comparison of the HIL Results.

in the proposed strategy presents challenges in real-time
implementation. As a result, the proposed strategy may
exhibit a higher output ripple, as demonstrated in Fig. 14
and Fig. 15. In Section III-C, it is elucidated that the
computational burden of the proposed strategy is amplified
due to an increased number of possible switching states to
be evaluated in each sampling interval-rising from 16 in
the conventional SISO-based MPC to 64 in the proposed
strategy. Consequently, the processor necessitates additional
processing time to assess all the switching candidates
while simultaneously avoiding any overruns in real-time
applications. To sum up, while a higher sampling frequency
may theoretically mitigate ripples in the proposed strategy,
it becomes impractical to implement in real-time due to
the increased computational requirements. Balancing the
trade-off between control accuracy and real-time feasibility
remains a critical consideration when deploying the proposed
FS-MPC strategy in practical applications.

VI. REAL-TIME EXECUTION ANALYSIS
Compared with the SISO-based MPC strategy, where the
switching states of each inverter are evaluated separately, the
computational burden of the proposed strategy is relatively
higher. In the classical approach, 16 switching states need to
be evaluated in each sampling time, while in the proposed
strategy, there are 64 switching states to be evaluated to
find the optimum control action for the next sampling
instant. However, it can be deduced from the hardware-in-the
loop results that the proposed strategy can be executed in
real-time. Additionally, the computation time can be roughly
calculated to verify the execution time of the proposed
strategy. As shown in Figure 5, the stator and inner rotor
currents are initially predicted using Eqs. (20)-(17) for
each possible switching state. Then, the electromagnetic
torques and fluxes are calculated by Eqs. (21)-(22). Finally,
the cost function for the corresponding switching state is
obtained using Eq. (23). In total, 120 × 64 multiplication,
66 × 64 addition, and 64 comparison operations (where
64 is the number of possible switching states) should be
executed in each sampling time. Referring to the datasheet
of the TMS320F28379D microcontroller (as an example)
with a clock cycle of 200 MHz, it can be understood
that this commercial microcontroller is able to execute
200 million instructions per second [25]. This means that the
microcontroller at least needs 60 µs to execute the proposed
strategy in real-time. Assuming a sampling time of 100 µs
(to have a maximum switching frequency of 10 kHz in the
FS-MPC strategy), it is therefore verified that the proposed
strategy can be executed in real-time without any overrun.
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FIGURE 15. HIL results - rotational speed of inner and outer rotors,
(a) conventional FOC strategy, and (b) proposed MPDTC strategy.

TABLE 5. Quantitative comparison between computational burden of
SISO-based and MIMO-based strategies.

The comparison between the computational effort of the
proposed strategy and the conventional SISO-based MPC is
provided in Table 5. As stated earlier, the proposed strategy
leads to enhanced dynamic performance in exchange for
high computational burden compared with the conventional
method. However, this higher calculation time does not cause
any overrun and/or data loss in real-time implementation,
as verified by HIL results.

VII. SENSITIVITY ANALYSIS
It is obvious that the proposed predictive control is a model-
based strategy, and therefore, its performance might be
affected if there is an error between the parameters used
in the controller and the ones used in the laboratory setup.
To evaluate this effect, a sensitivity analysis is provided in this
section. For this purpose, the stator parameters (rs and Ls),
rotor parameters (rr and Lr ), and mutual inductance (Lm) are
varied from 50% and 150% of their nominal value once a

FIGURE 16. HIL results in presence of proposed MPDTC strategy,
(a) stator’s three-phase currents, and (b) inner rotor’s three-phase
currents.

time in the predictive model given in (17) to (22). In this
analysis, the nominal parameters are named rs0, Ls0, rr0, Lr0,
and Lm0 while the variations in the parameters are defined as
1Rs = rs/rs0,1Rr = rr/rr0,1Ls = Ls/Ls0,1Lr = Lr/Lr0,
and 1Lm = Lm/Lm0. According to [9], an DMPM based
HEV can operate in five operating modes: i.e., a) start-up,
b) normal, c) acceleration, d) recharging, and e) braking.
In start-up mode, the battery is responsible for providing
the requested power by HEV. Therefore, while the requested
power by HEV (PHEV ) is positive (ωHEV > 0 & THEV > 0),
the power provided by ICE (PICE ) sets to zero (ωICE = 0
& TICE = 0) for keeping its efficiency within the optimum
region. In normal mode, the requested power by HEV can be
completely provided by ICE, meaning that PHEV = PICE .
Depending on the speed and torque, two conditions can take
place in this mode. In the first condition, ωICE > ωHEV while
TICE < THEV . In the second one, however, ωICE < ωHEV
and TICE > THEV . In acceleration mode, the requested
power by HEV is greater than the provided power by ICE
(PHEV > PICE ). Therefore, both the battery and the ICE
jointly provide the required power. In re-charging mode,
the generated power by ICE is greater than the requested
power by HEV (PHEV < PICE ) so that the surplus power
can be used to re-charge the battery. Finally, in the braking
mode, the requested power by HEV is negative (ωHEV > 0
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TABLE 6. Different test conditions used for sensitivity analysis of the proposed strategy.

FIGURE 17. Sensitivity results of the proposed strategy to simultaneous variations of rs and Ls, (a) Test 1, (b) Test 2, (c) Test 3, (d) Test 4, (e) Test 5, and
(f) Test 6.

FIGURE 18. Sensitivity results of the proposed strategy to simultaneous variations of rr and Lr , (a) Test 1, (b) Test 2, (c) Test 3, (d) Test 4, (e) Test 5, and
(f) Test 6.

& THEV < 0) while the power provided by ICE is zero
(ωICE = 0 & TICE = 0). To cover all operating modes,
the test conditions summarized in Table 6 are considered to
evaluate the sensitivity of the proposed strategy.

Root-Mean-Square error (RMSe) between the reference
values of the control objectives (Te,pm, Te,in, λs, and λr ) and
their measured values, as expressed by (26), is utilized as the

evaluation criterion.

RMSe =
1
4

4∑
m=1

√√√√√ 1
N

N∑
j=1

(f ∗(j) − f (j))2 (26)

whereN is the number of samples taken during the simulation
so that the control errors in both transient and steady-state
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FIGURE 19. Sensitivity analysis results of the proposed strategy to the
variation of mutual inductance (Lm).

modes are considered. f also represents the variables whose
error values are calculated. It is worth mentioning that the
normalized values of the torque and flux are considered for
calculating RMSe to make it unit-less and more comparable.

The impact of variations in stator parameters are shown
in Fig. 17. As can be seen, the variations in the stator’s
inductance do not have a significant effect on the performance
of the proposed strategy under all operating conditions.
However, the functionality of the MPDTC can be inversely
affected in presence of stator’s resistance values different
from the nominal one. Figure 18 depicts the effect of
variations in the inner rotor’s parameters under different
operating conditions. It is deduced that the performance of
the proposed MTDTC strategy is almost independent from
inner rotor’s inductance. However, its precise performance
is highly dependent on the inner rotor’s resistance, where
inaccuracies in the inner rotor’s resistance lead to a decrease
in the accuracy of the proposed control strategy. The influence
of the mutual inductance mismatch on the performance
of the proposed strategy is illustrated in Fig. 19. As can
be seen, the accuracy of the proposed control strategy is
slightly affected in the presence of the mismatch in mutual
inductance. Whereas the robustness of the proposed strategy
against parameter uncertainties is verified using the sensi-
tivity analysis, it is worth to incorporate an anti-parameter
disturbance technique into the proposed strategy to assure the
precise control in a wide operating range.

VIII. CONCLUSION
In this paper, a novel multi-input multi-output based model
predictive direct torque control strategy was developed
to reduce the undesired electromagnetic coupling between
the mechanical ports of a dual mechanical port machine.
By utilizing the discretized dynamic equations of the
machine, a MIMO cost function was defined to consider
both torque and flux errors in both ports. Unlike traditional
approaches that optimize the switching states of each inverter
independently, the proposed MPDTC merges the switching
states of both inverters to take into account the interaction
between the mechanical ports.

Simulation and experimental results showed that the pro-
posed MPDTC was able to minimize the coupling between

the ports and prevent the load and speed variations in one port
from affecting the speed of the other port. The effectiveness
of the MPDTC is confirmed through hardware-in-the-loop
experiments using Typhoon HIL 602 and dSPACE 1103. The
results demonstrated that the proposed strategy successfully
eliminated the undesired coupling effects between the
mechanical ports without causing a heavy computational
burden.

A sensitivity analysis was conducted, and it was found
that the performance of the MPDTC was not significantly
impacted by changes in the stator and inner rotor resistances.
However, excessive variations in the inductance values of the
stator and inner rotor windings could affect the accuracy of
the MPDTC.
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