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Abstract— Poly-phase permanent magnet synchronous 

motors (PMSM) are often found valuable in more electric 
aerospace and military vehicle applications because of the merits 
of being fault tolerant, exhibiting high energy density as well as 
operating at high speeds. This paper presents the Direct Torque 
Model Predictive Control (DT-MPC) of a five-phase PMSM. 
Through a proposed cost function, this control method improves 
the large torque ripple issue in the traditional direct torque 
control motor drives, and more importantly, it exhibits the 
advantage of significantly reducing poly-phase PMSM's high 
order harmonics and overall system losses. 

Keywords— Loss reduction, Model predictive control, Polyphase 
machines, Permanent magnet synchronous motor  

I. INTRODUCTION 

The more electric aerospace and military applications 
require the electric motor utilized to be superior in terms of 
fault tolerance, torque delivery/speed control quality, system 
heat loss minimization and exhibits high energy density. A 
poly-phase PMSM is an appropriate solution to address most of 
these needs [1]. Among different electric motor control 
methods, the classical direct torque control (DTC) [2] delivers 
very fast torque transient performance.  DTC also boasts the 
advantages of using an easily implementable hysteresis look-up 
table and requires less signal transformations. However, this 
method is prone to introducing large current and torque ripples, 
which may cause system resonance.  Many researchers have 
proposed methods for improving the classical DTC method.  
Methods of using a combination of space vector PWM and 
DTC [3], artificial intelligence [4] or using an optimized 
switching table [5] are found in recent literature. However, the 
majority of the approaches have either increased the 
implementation complexity, required additional parameter 
tuning, introduced an offline switching table generation burden 
or lacked control robustness. Among the latest control 
technologies, the DT-MPC has become an emerging choice for 
motor drive applications [6]-[7] and has generated fruitful 
industrial solutions [8].   

Most of the recent published results related to MPC were 
focused on three-phase industrial motor drives [6]-[8]. Poly-
phase (more than three phases) permanent magnetic AC motors  

 

are commonly used in safety critical applications and the 
MPC’s performance has not been extensively studied on these 
motor types.  This work will address this need. It turns out that, 
by incorporating the torque, flux, as well as the third order 
harmonic current into the MPC’s cost function, the method 
proposed in this paper can significantly reduce the motor’s 
current harmonics, system losses and improve torque response 
quality.  

The remainder of this manuscript is summarized as follows: 
the model development for a five-phase PMSM and drive 
system is presented in Section II, the proposed DT-MPC 
method is described in Section III, and hardware-in-the-loop 
simulations for validating the proposed method is presented in 
Section IV, followed by a conclusion in Section V. 

II. MODELING OF FIVE PHASE PERMANENT MAGNET 

SYNCHRONOUS MOTOR DRIVE SYSTEM 

The voltage equations in the five-phase stator stationary 
reference frame are: 

uvwxys s uvwxys uxwxys
v r i p= + Λ  (1) 

 

_ _ _uxwxys uxwxys s uxwxys m s uvwxys uxwxys m
L iΛ = Λ + Λ = + Λ  (2) 

where rs, vuvwxys, iuvwxys and Λuxwxys are the five phase PMSM 
stator resistance, voltage, current and flux linkage, 
respectively, and p is the differential operator. Λuxwxys includes 
the flux linkage generated by stator current Λuxwxys_s and 
permanent magnetic Λuxwxys_m. 
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v r i L pi i eω= + + Γ +  (6) 
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Equation (3) is the Park transformation for a 5-phase 
system.  Applying (3) to (1) and (2), the five phase stationary 
sinusoid variables can be equivalently represented as a rotating 
DC space vector through Park’s transformation as shown from 
(4)-(6).  Note a few preliminary steps are listed as (4) and (5) 
for mapping the five phase system into the two phase system 
for the interested reader. Based on [9], the five-phase PMSM 
could be equivalently expressed as two sets of reference frames 
defined as d1-q1 and d3-q3 seen in Fig. 1. Note that the d1-q1 
reference frame represents the (10n±1)th harmonics rotating 
counterclockwise at speedω , while the d3-q3 reference frame 
represents (10n±3)th harmonics rotating counterclockwise at a 
speed of 3ω . 
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Fig. 1.Five phase (uvwxy) permanent magnetic motor, two phase stationary 
(αβ) and two rotational reference frame. The figure at the top shows the d1-q1 
frame of reference and the figure in the bottom shows the d3-q3 frame of 
reference [9]. 
 
A. Motor Drive System Modeling Incorporating Motor Copper 

Loss, Iron Loss, and Power Inverter Switching Loss  
The equivalent circuit model considering motor copper and 

core loss is depicted as Fig. 2. The core loss is represented as a  

 
Fig. 2.Five phase PM motor equivalent circuit. 
 
resistance across the rotor branch, rc, of the well-known “T” 
circuit model of a PM AC motor. 

The outer loop voltage and current are defined by:  
 

= +dqs s dqs dqsoV r i V  (7) 
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The internal loop voltage is defined by:  
 

ω= Γ + +dqso dqs dqs dqs dqsoV e L pi  (9) 
 
Substituting (8) into (7), one arrives at 
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Substituting (9) and (10) into (7), the new motor 
relationship incorporating copper and iron loss is listed as (11), 
where vdqs is the stator voltage in the dq frame of reference; rs 
and ri are the resistance for stator and iron loss respectively; 
idqso is the stator current contributing to energy conversion after 
subtracted iron loss current, and edqs is the back emf in the dq 
frame of reference. 
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The total power loss in power inverters is the summation 
of the semiconductor device switching and conduction losses. 
Power semiconductor switching losses can be modelled by 
(12), [7]. In (12), N is the number of transistors in the inverter, 

cT is the duration of the commutation for one transistor in one 

control cycle, ( )ci t , ( )cev t are the current on the collector and 
voltage across collector/emitter on the transistor, respectively. 

1

( ) ( )
N

sw c ce
T

j c

L i t v t dt
=

=   (12) 

III. THE PROPOSED DT-MPC AND COST FUNCTION 

A. Cost Function and Control Flow  

The overall DT-MPC based motor drive system is shown 
in Fig. 3. The direct torque model predictive controller (DT-
MPC) input signals include motor torque and flux reference 
current commands *

1qs
I and *

1ds
I , respectively, as well as the 

third order harmonic current reference commands *

3qs
I and *

3ds
I . 
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The output signals from the DT-MPC controller are the gate 
signals for the IGBT inverter, which controls the torque and 
speed of the five-phase permanent magnet AC motor. 

We propose a new cost function, based on the principle of 
minimizing the overall system losses including power inverter 
switching loss, motor copper loss, and iron losses. More 
importantly, the third order harmonic current Iqs3 and Ids3 can be 
suppressed, while keeping the flux producing current Ids1 and 
torque producing current Iqs1 inside a predefined hysteresis 
band.  The proposed DT-MPC cost function is given by (13). 
Note that x represents the available voltage space vector 
commands, Lsw and Lmotor denote the inverter switching loss and 
electric motor loss, respectively. Note that λ is a weighing 
factor used for third harmonic current suppression. When we 
set 0λ =  in the cost function, the third order harmonic 
suppression capability is turned off. On the other hand, when 
we set 1=λ , the DT-MPC controller is designed to minimize 
the third order harmonic content in the output current 
waveforms. εlimit is the hysteresis band tolerance level for 
limiting the torque and flux current error. 
   As shown in the flow chart diagram of Fig. 4, to implement 
the proposed DT-MPC algorithm, at an arbitrary kth time 
instant, the reference commands are computed and output 
signals are measured. We obtain the state space variable 
values at the kth time step based on discretizing the system 
dynamic equation, (11), and considering delay compensation 
[7]. Meanwhile, the cost function is evaluated and stored for 
determining the optimal voltage space vector command for the 
IGBT based inverter. The procedure is then repeated for the 
next k+1th sampling time step. 
 

 
Fig. 3. Control loop diagram for a Five-Phase PMSM motor drive. 
 
 

 

 

 

 
Fig. 4. DT-MPC algorithm with logic flow. 

B. Delay Compensation through Linear Interpolation         

Delay compensation is implemented through linear 
interpolation between predictions at step k+1 and step k+2. It 
is applied to select the feasible control command, which is 
chosen to minimize the cost function and compensate 
calculation delay, while restricting the control variables within 
the hysteresis band. Fig.5 through 8 demonstrate four different 
scenarios of generating the control command. In Case I, the 
generated control commands will be abandoned, since the 
predictions are out of the bound, and the trend is deviating 
away from the hysteresis band. In Case III, the control 
command, which could minimize system cost function, will be 
selected. In Case II and IV, a linear interpolation of the two 
data points is used to estimate the control command. This 
procedure is important for minimizing the system cost 
function as it can avoid unnecessary converter switching loss 
and motor loss. The coefficients a and b of the linear equation 
are determined based on the two estimations. The control 
command will be determined by the intersection (marked in 
red) between the linear equation and the bound of hysteresis 
band. 

* *
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IV. HARDWARE-IN-THE-LOOP RESULTS 
Three control methods are compared including classic 

DTC, DT-MPC without harmonic suppression by 
setting 0λ = , and DT-MPC with third harmonic current 
suppression by setting 0λ ≠ .  Opal-RT OP5600 hardware in 
the loop system was utilized to evaluate and compare the 
performance of the three approaches. The torque and speed are 
sampled at frequencies of 40 kHz and 2 kHz, respectively.  
The parameters of the five-phase PMSM and electric drive are 
listed in Table I. 

 

TABLE I.  
DRIVE PARAMETERS 

System Parameter Value 

Stator Resistance 0.416 Ω 

Iron Loss Resistance 100 Ω 

Stator Inductance 1.365 mH 

No. of pole pairs 2 

Flux linkage constant 0.117 Wb-t 

Electric Drive DC Voltage 500 V 

Electric Drive Maximum 
Phase Current 

100 A 

Electric Drive Single 
Switching Loss 

1 mJ 

 
TABLE II.  

LOSS PARAMETERS OF THREE TECHNIQUES 
 

Loss Comparison 
Motor 

Copper Loss 
Motor  

Iron Loss 
Switching 

Loss 

Classic DTC 1 1 1 

DT-MPC Without 
Third Harmonics 

Current Suppression 
0.72 0.5 0.5 

DT-MPC Without 
Third Harmonics 

Current Suppression 
0.28 0.5 0.4 

 

 

 

First, the average loss comparison among the three 
methods in per unit (classic DTC loss is defined to be the base 
value) is summarized in Table II. The total system loss with the 
proposed DT-MPC with harmonic suppression shows a 
significant system loss reduction compared with classic DTC, 
including about 70% reduction in copper loss, 50% reduction 
in iron loss and 40% in switching loss. Particularly, in Fig. 9, 
the significant copper loss reduction from the proposed DT-
MPC is confirmed, specifically caused by a reduction in the 
phase current magnitude as shown in Fig. 10. In addition, the 
speed and torque regulations are presented in Fig. 11 and Fig. 
12, respectively. In Fig. 11, the accuracy of the motor speed 
under the proposed DT-MPC is comparable to the traditional 
DT-MPC, both of which are superior in performance compared 
to the classic DTC results. To further validate the dynamic 
performance, a step torque command is employed and the 
torque responses are compared among the three methods as 
shown in Fig. 12. While the motor torque follows the reference 
accurately, more torque ripple is noticed in the proposed DT-
MPC method with harmonic suppression compared to the DT-
MPC without harmonic suppression. 

 

Fig. 9. Copper loss comparison with the DT, DT-MPC, and the proposed DT-
MPC with harmonic current reduction method.                    
 

 
 

Fig. 5. Case I (Abandoned): Both predictions are out of the boundary and 
the trend is moving away from hysteresis band. 

Fig. 6. Case II (Linear Interpolation): One prediction is within the boundary.

 
k+1

k+2Low Limit

High Limit
y= ax+b

Fig. 7. Case III: Both predictions are within the boundary. Fig. 8. Case IV (Linear Interpolation): Both predictions are out of  the 
boundary but the trend is moving towards the hysteresis band.

2463



 

Fig. 10. Phase current comparison with the DT, DT-MPC, and the proposed 
DT-MPC with harmonic current reduction method. 

 
Fig. 11. Motor speed response comparison with the DT, DT-MPC, and the 
proposed DT-MPC with harmonic current reduction method. 

 

V. CONCLUSION 

This paper presents a new DT-MPC with harmonic current 
suppression and loss minimization cost function. By including 
the 3rd order harmonic suppression, the proposed DT-MPC 
approach effectively addresses the high torque ripple issue in 
the traditional DTC and more importantly, shows a significant 
advantage of loss reduction compared to the traditional DT-
MPC without harmonic suppression. Opal-RT OP5600 HIL 
system was used to verify the efficacy of the approach and the 
results exhibit significant improvement in reducing PMSM 
losses. 
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