
Lim, CS, Lee, SS and Levi, E

 Continuous-control-set Model Predictive Current Control of Asymmetrical Six-
phase Drives Considering System Non-idealities

http://researchonline.ljmu.ac.uk/id/eprint/17527/

Article

LJMU has developed LJMU Research Online for users to access the research output of the 
University more effectively. Copyright © and Moral Rights for the papers on this site are retained by 
the individual authors and/or other copyright owners. Users may download and/or print one copy of 
any article(s) in LJMU Research Online to facilitate their private study or for non-commercial research.
You may not engage in further distribution of the material or use it for any profit-making activities or 
any commercial gain.

The version presented here may differ from the published version or from the version of the record. 
Please see the repository URL above for details on accessing the published version and note that 
access may require a subscription. 

For more information please contact researchonline@ljmu.ac.uk

http://researchonline.ljmu.ac.uk/

Citation (please note it is advisable to refer to the publisher’s version if you 
intend to cite from this work) 

Lim, CS, Lee, SS and Levi, E Continuous-control-set Model Predictive 
Current Control of Asymmetrical Six-phase Drives Considering System 
Non-idealities. IEEE Transactions on Industrial Electronics. ISSN 0278-0046 
(Accepted) 

LJMU Research Online

http://researchonline.ljmu.ac.uk/
mailto:researchonline@ljmu.ac.uk


IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 

Abstract—Finite-control-set model predictive control 
(FCS-MPC) of multiphase (n-phase, n is assumed to be an 
odd number for simplicity) drives is challenging because of 
the large number of actual/virtual voltage vectors and the 
need for current control in (n-1)/2 sub-spaces (or planes; 
multi-plane current control). Any sub-optimal design (poor 
or no current control in some of the (n-1)/2 planes) may 
result in high individual plane current ripples, due to the low 
reactance. This work therefore investigates continuous-
control-set (CCS) MPC for constant switching frequency 
multiphase motor drives as another alternative. The high-
bandwidth CCS-MPC is designed to accurately account for 
system non-idealities, namely digital control and pulse 
width modulation delays, inverter dead time, and 
measurement noise. It will be shown that the CCS-MPC has 
the advantages of full voltage vector space access, regular 
switching characteristic, and improved cycle-by-cycle 
tracking control, while maintaining some of the known 
advantages of the FCS-MPC, e.g., intuitive cost function 
design, model-based control, and fast dynamics. The 
proposed control scheme is benchmarked experimentally 
against the classical, proportional-integral-based, field-
oriented control in conjunction with an asymmetrical six-
phase induction motor drive. 

 
Index Terms—Multiphase drives, model predictive 

control, finite control set, continuous control set. 

I. INTRODUCTION 

odel predictive control (MPC) has been studied 
extensively in conjunction with multiphase drives in the 
last decade [1]–[3]. One of the earlier problems 

encountered by the modulator-free FCS-MPC is the high 
number of switching states in a multiphase (more than three 
phases) system, making it computationally prohibitive for 
higher phase orders (even more so with multilevel inverters). 
The heaviness of the computational problem can be alleviated 
by using reduced sets of switching states without worsening the 
machine current ripple, compared to the use of the full set 
counterpart   [4].  Nevertheless,   earlier   works,   e.g.  [4],  [5],  
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showed that modulator-free MPC with actual voltage vectors 
(VVs) would suffer from high sub-space (i.e. plane) current 
ripples in multiphase motor drives due to the low sub-space 
reactance. This phenomenon is due the controller’s inability to 
eliminate cycle-by-cycle tracking cost function errors [4], [5]. 
It is worth noting that, as far as MPC in power electronics is 
concerned, this feature relates to several factors, e.g., cost 
function design, modulator’s switching pattern, parameter 
accuracy, that affect the steady-state control performance. 

Earlier attempts to improve the steady-state current ripple 
performance centered on the concept of zeroing the sub-space 
voltage(s), leading to single-plane control strategies. This 
includes the techniques with predefined virtual VVs [6] and 
individual cost function based modulation of large-zero [7] and 
large-medium VVs [8], with manually defined switching 
patterns. The deadbeat mechanism that first calculates the 
primary (flux-torque producing) plane’s reference voltage 
vector was exploited in [9], [10], followed by identifying the 
best VV from the pre-defined set of primary plane virtual VVs. 
The effect of further modulating the best virtual VV with a zero 
vector was also studied in [10]. Solutions in [6]–[10] are 
characterized with the problem of limited trajectory of the 
synthesizable voltage vectors because only limited points or 
lines are accessible by the predictive control. This problem is 
solved to some extent in [11], [12]. A three-stage optimization 
in which two best virtual VVs are first identified is presented in 
[11], followed by identifying the best discrete duty ratios. 
Modulation with the two best primary virtual VVs and a zero 
vector is investigated in [12]. [13] presented a flux-torque 
deadbeat based geometric calculation that computes the duty 
ratio of the second VV (zero or virtual). With zero second-plane 
voltage, the low-frequency sub-space voltages/currents, which 
can appear due to a drive’s non-idealities (e.g. inverter dead-
time effect [4], [14], machine asymmetries, flux linkage 
harmonics in permanent magnet machines and in machines with 
trapezoidal back-EMF [15]), can no longer be controlled.  

As far as full current control (i.e. current control in all 
planes), including primary plane’s flux/torque control, is 
concerned, there are in general two groups of solutions, 
characterized by their accessibility to the multidimensional VV 
space: partial or full VV space access. Partial space access 
means that limited discrete actual [4], [5] or virtual VVs, being 
points or lying along two-dimensional lines in the vector space, 
are deployable by the predictive control. One such solution, 
based on three-stage enumeration where the best couple of 
actual VVs and the best discrete duty ratios are computed, is 
proposed in [16]. On the other hand, [16] uses the voltage 
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reference computed from deadbeat torque-flux control to 
identify the nearest three actual VVs (additionally constrained 
to those aligned). Both [16], [17]  have limited voltage space 
access. Despite the simpler sub-space-only cost function, the 
cycle-to-cycle cost error is usually not zero. The same problem 
can be found in the two-plane current control scheme [15] that 
exploits deadbeat current principle for identifying the nearest 
virtual VV in each sub-space. Full VV space access is available 
in the solution of [18], which investigated a predictive current 
control technique that deploys a two-stage-optimized, dual-pair 
modulated virtual VVs tracking individual sub-space currents, 
while zeroing the voltage in the other(s). The continuous duty 
ratio is found through an analytical solution and is limited to 
avoid overmodulation. 

All advanced MPC schemes of multiphase drives reported to 
date have in common enumerating through and/or identification 
of a subset of actual/virtual VVs, followed by duty cycle(s) 
estimation. This design methodology typically faces the 
following challenges: 
(i) Predictive control algorithm is complex in drives with 

multilevel inverters. An example can be seen in a five-
phase three-level system [18] where cost evaluation must 
be reduced, e.g. from 81 to 4 times, to make the algorithm 
feasible in practice. The size of look-up table may also be 
too large, leading to implementation concerns. 

(ii) An elaborate predictive algorithm, e.g. multistage 
optimization [17], [19], is required to deal with multiple 
orthogonal-plane current control. The complexity is 
expected to increase for higher phase-number machines. 

(iii) Pre-defined discrete VVs, which are often of a point or line 
wise nature, limit the realizable voltage resolution, leading 
to unnecessarily higher but avoidable current ripples. 

(iv) System non-idealities such as dead time, PWM delay, and 
measurement noises, are often ignored in the already 
complex predictive algorithm. 

A logical solution to the above problems is through the CCS-
MPC, explored rather rarely for multiphase drives (an exception 
is the work described in [20] and [21], which is related to a five-
phase induction motor drive). An asymmetrical six-phase 
induction motor (ASIM), supplied by a two-level voltage 
source inverter, is considered here. The work commences with 
modeling of the ASIM while accurately accounting for the 
digital control and PWM delays. This work also hypothesizes 
that measurement noise, if not properly accounted for, would 
lead to negative impact on multiphase drives with very-high-
bandwidth control and low sub-space reactance. To overcome 
this, a voltage-increment cost component is introduced, and its 
relevance is explained and proven. Dead-time effect is 
accounted for through a simple integrator-based reference 
augmentation. It is worth pointing out that PWM delay, 
measurement noise, and dead-time effect are rarely considered 
in most FCS-MPC designs, often because of partial VV space 
access. CCS-MPC attempts to nullify cost error on the control 
cycle basis, which means that accurate modelling and precise 
algorithm are relevant, if not critical. Also, the authors believe 
that this work is the first-ever application of the CCS-MPC to 
an asymmetrical six-phase drive, where the predictive control 
has been accurately designed considering the basic drive 
system’s non-idealities. The closest to full CCS implementation 
is the one with hybrid CCS and FCS concepts [20], in which 

FCS still directly controls the switching states of the five-phase 
drives.  

The rest of the paper is organized as follows: Section II 
introduces CCS-MPC’s predictive model, associated modelling 
related to digital control and PWM delays, measurement noise, 
and dead-time effect, cost function, and post-optimization 
voltage limiting. Section III summarizes the classical 
proportional-integral-based field orientated control with current 
control in all planes. Section IV shows the experimental 
assessment. Section V concludes the paper. 

II. CCS-MPC 

CCS-MPC admits continuous control input set into the 
control algorithm. Generally, the two common ways to solve 
for the optimal control solution are: (i) analytical expression 
(unconstrained); (ii) quadratic programming (QP). In most 
cases of embedded control of power electronic converters the 
former is used because the latter in several-to-tens kHz 
embedded control is still prohibitive in practice [22]. It may 
become feasible in future as commercial embedded micro- 
controllers develop further. The CCS-MPC scheme is depicted 
graphically in Fig. 1. 

A.  Predictive Model 

The ASIM’s continuous-time state-space model, expressed 
in the synchronous reference frame, is: 
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where xc is the state vector, uc is the input vector, y is the output 
vector, expressible by 
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The corresponding time-variant state coefficient matrix Ac, 
time-invariant input-coefficient matrix B and output-coefficient 
matrix C are given with the following expressions (standard 
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Fig. 1: Continuous-control-set model predictive control of an 
asymmetrical six-phase induction motor drive. 
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The discrete state-space model with forward-Euler 
discretization (i. e. Ak = I + AcT) is: 

 1|k k k k k

k k

  



x A x Bu

y Cx
 (4) 

where B = BcT and C = Cc. It is worth noting that if flux-torque 
control is considered, higher-order discretization may be 
required to ensure accurate true-value tracking [23]. The 
observed quantity chosen here is the rotor flux, but other 
options such as rotor current [5] and stator/air-gap flux, are 
possible. With rotor-flux oriented control, this choice can lead 
to state-space order/size reduction, from 6th to 5th, following the 
zeroing of the q-axis rotor flux. The input vector is comprised 
of the primary plane (rotating-axis) and the secondary plane 
(stationary-axis) voltage vectors: 
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  (6) 
It is well established that k1 can be set to 5 to obtain the 
orthogonal secondary plane in ASIM model [24]. k1 equal to 3 

is for the zero-sequence plane, but it is irrelevant for current 
control with isolated neutrals. 

It is important to accurately account for the system non-
idealities in the model-based, high-bandwidth predictive 
control. In all existing FCS-MPC schemes, it is mandatory to 
account for the one cycle digital control implementation delay, 
which is often known as two-step/one-step-ahead mechanism 
[4], whereas the same delay is often disregarded in PI-based 
field-oriented control. For CCS-MPC in this work, a systematic 
approach is adopted from the outset. Typical non-idealities 
known in any practical drives system, e.g., digital control delay, 
PWM delay, measurement noise, and dead-time effect, will be 
considered.  

B.  Digital Implementation Delay 
To account for the digital control delay, an additional step is 

added, resulting in the two-step predictive model: 
First step: 1|k k k k k  x A x Bu  (7) 

Second step: 2| 1| 1|

2| 2|

k k k k k k k

k k k k

  

 

 



x A x Bu

y Cx
 (8) 

uk is the optimal VV obtained from the previous (k-1)th  control 
sampling instant, and uk+1|k is the optimal VV to be computed 
from the present control cycle. It is necessary to assume that the 
machine speed is unchanged across the time steps so that the 
time-invariant model can simplify the solution. Note that this 
simplification is on per control cycle basis. In terms of closed-
loop control, the controller still deals with time-variant plant 
(1), through MPC’s open-loop optimization-based control. 

C.  PWM Delay 

According to the modulation theory, for synchronous single-
sampling system at the beginning of each modulation period, 
pulse width modulation has inherently a half-sample period 
delay [25]. This PWM delay is critical to be accounted for in 
phase-critical power electronic systems [26]. It has been 
considered in classical control of grid inverters with actively 
damped high-order filters [25] (typically through frequency 
response analysis). In the context of MPC, FCS-MPC only 
needs to account for the digital control delay. CCS-MPC, 
however, should in principle consider and compensate both 
digital control and PWM delays. To the best knowledge of the 
authors, the issue has not been addressed in any CCS-MPC 
work in power electronics. In the case of multiphase drives, 
owing to the unique characteristic of low secondary sub-space 
reactance, it becomes even more critical to account for PWM 
delay. This work therefore proposes a modification to (7)-(8) 
[4] to accurately account for the 1.5Ts delay. This consideration 
will be experimentally assessed and analyzed in Section IV-E. 
The changes are summarized as: 

First step:  1| 1

1

2k k k k k k   x A x B u u  (9) 

Second step:  2| 1| 1|

2| 2|

1

2k k k k k k k k
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Note that the sampling instant is an important factor for a 
correct delay compensation. The one above is designed for 
single synchronous sampling at the start of each modulation 
cycle. 
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D.  Measurement Noise 

Measurement noise is another important non-ideal feature to 
be accounted for in the motor drives control because of small 
time constants of electromagnetic circuits, especially in the 
auxiliary sub-spaces of multiphase machines. It is hypothesized 
that any current measurement noise, if not accounted for in the 
predictive control design, would logically be reflected directly 
in the “optimal” control action, i.e., optimal voltage, which may 
lead to slight performance deterioration. In highly inductive 
circuitry, the level of deterioration depends on the machine 
power, voltage, and speed rating. 

In most reported FCS-MPC schemes with partial VV space 
access, the “most optimal” voltage vector is, from the full multi-
dimensional VV space’s point of view, slightly sub-optimal. 
Tracking errors resulting from such design (from full voltage 
space’s point of view) may be indistinguishable from those 
induced by measurement noise. CCS-MPC, on the other hand, 
always attempts to nullify the tracking error in each control 
cycle. Therefore, its behavior with regard to the measurement 
noise is worth examining. In principle, this consideration and 
the conclusion drawn from it are extendable to advanced FCS-
MPC schemes with cost error zeroing mechanism. 

The impact of measurement noise is accounted for through 
the penalization of cost component formed by input voltage 
increments. The basis is that the controller can be made less 
“responsive” - tunable through an additional weighing factor – 
to the effects caused by the measurement noises. Hence, the 
predictive model is modified to the following form: 
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The effect of measurement noise, and the improvement due to 
the proposed modification, will be demonstrated 
experimentally in Section IV. 

E.  Cost Function and Optimal Solution 

The full current tracking control with incremental input-
voltage penalization is realized through the typical cost function 
of [27], [28]: 

    * *
2 2| 2 2| 1| 1|

T T
k k k k k k k k k kJ          y y W y y u R u   (12) 

In principle, if online quadratic programming is 
computationally tractable under several-to-tens of kHz 
execution frequency, one can further append linear constraints, 
such as voltage and current limits, to the cost function and solve 

for the optimal solution online. Nevertheless, considering the 
state-of-the-art microcontrollers, analytic solution that does not 
consider constraints is adopted here. The optimal incremental 
voltage input can be solved analytically: 
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Cost function (12) is re-formulated as (14), and the optimal 
input voltage increment is solved to give: 
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It is worth noting that the penalization of incremental control 
action R will have direct implication for the inner control 
bandwidth. In principle, if R is kept low (as in Section IV-A), 
the inner loop’s bandwidth will have a very wide/high 
bandwidth, which indirectly means that the outer speed loop 
can be easily decoupled, simplifying the overall tuning effort.  

F.  Post-optimization Voltage Limiting 

The optimal VV to be imposed in the beginning of the next 
control cycle is computed using the optimal solution in (12) – 
(15): 
 

1| , 1| ,k k opt k k k opt   u u u  (16) 

During large transients and operation near overmodulation 
region, this VV may exceed the physical limit of the voltage 
space vector. For linear modulation, the magnitude sum of the 
orthogonal single-/two-dimensional voltage vectors should be 
confined to less than the physically realizable maximum 
magnitude. For simplicity, overmodulation is not considered 
here, and a simple dc bus voltage pre-allocation is adopted. 
Interested readers are referred to [29] and references therein for 
other considerations on overmodulation in CCS-MPC. In [29], 
solutions of overmodulation/constrained mode are investigated 
together with the theoretical analysis of noise in Linear 
Quadratic Regulator (i.e., an unconstrained MPC with an 
infinite horizon). 

The maximum realizable magnitudes of the voltage vectors 
in the primary and secondary planes are fixed at, respectively, 
94% and 6% (note: this selection is informed by the magnitude 
of xy-voltages deployed by the classical PI-based control). In 
both planes, when the magnitude exceeds the predefined limit, 
the voltage vector will be truncated (i.e., scaled down to the 
circular border). This consideration is illustrated graphically in 
Fig. 2. Another property worth emphasizing here is the feature 
of full vector space access. In the proposed CCS-MPC, the 
entire, yellow-shaded region can be accessed by CCS-MPC 
without any restriction on its location in the voltage vector 
spaces  in Fig. 2 (e.g.,  in the  context  of  PWM-integrated  FCS- 
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Fig. 2: Primary and secondary plane’s voltage vector spaces highlighting 
the regions accessible by CCS-MPC. 

 
Fig. 3: Classical PI-based field-oriented control of an asymmetrical six-
phase induction motor drive. 

TABLE I.  PARAMETERS OF ASYMMETRICAL SIX-PHASE INDUCTION 
MOTOR DRIVE SYSTEM 

Symbol Parameters Values 

Fs IM rated frequency 50 Hz 
p IM pole numbers 2 

Rs, Rr IM stator, rotor phase resistances 12 Ω, 4 Ω 

Lls, Llr 
IM stator, rotor leakage 

inductance 
60 mH, 60 mH 

Lm IM mutual inductance 880 mH 
σ IM leakage factor 0.124 

Vdc VSI dc-bus voltage 300 V 
Fs Control sampling frequency 8 kHz 

Vbase, Ibase Base voltage, base current 173 V, 10 A 
- Dead time 6 μs 

 
MPC schemes, the so-called “restriction” means finite-number 
of “dots” or “lines” in the spaces [6]-[11], [16], [17]). 

G.  Dead-time Effect and Compensation 

As shown in [30], [31] for grid current control, dead-time 
effect is evidently very relevant in MPC schemes with cycle-
by-cycle cost error zeroing. This phenomenon is explained as 
follows: dead-time effect is fundamentally non-linear and state- 
dependent. Since the linear predictive model assumes that the 
inverter behaves as an ideal amplifier, there always exist 
prediction errors regardless of the type of the cost function, 
absolute or incremental. Note that dead-time effect is usually  

 
Fig. 4: CCS-MPC algorithm for the asymmetrical six-phase drive. Note 
that online computation of matrices in (15)-(16) is kept at minimum to 
enable real-time execution of the algorithm at 8 kHz control sampling 
frequency.  

  
harder to detect in FCS-MPC with broad switching spectrum, 
e.g. five-phase drives [4]. One possible solution is through 
modifying the predictive model to account for the inherent 
voltage error in the open-loop manner [30], [31]. Alternatively, 
a simpler closed-loop means where the references are 
augmented with integrators prior to the optimization stage, can 
be adopted. Both methods primarily target the fundamental 
component of tracking errors caused by dead-time voltage 
errors with triplen harmonics. The latter is adopted here: 

  
* int

int int
1 int

ref
k k k

ref
k k k kk

  

    

y y y

y y y y
 (17) 

where yref is the original reference supplied externally and y* is 
the augmented reference fed into the predictive control 
algorithm. A careful consideration is necessary to decouple the 
tuning of integrator gain Kint from the main dynamic control 
loop. This is done through a small enough Kint value, i.e., one 
that gives time constant of several seconds duration. 

III. CLASSICAL FIELD-ORIENTED CONTROL 

A. Full Current Control Based on PI-FOC 

Classical, PI-based full current control of ASIM with two 
isolated neutrals is effectively the same as that used in a five-
phase induction motor. Fig. 3 shows the corresponding control 
schematic implemented in this work. In the interest of space, 
interested readers may refer to [4] (and references therein) for 
design details. The main differences are the inverter model, 
decoupling transformation, and pulse width modulator. The 
proportional and integral gains of all four PI controllers are 
tuned empirically in the experiments. 

Obtain yk
ref, Vdc, yK 
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δk calculation (15)
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Fig. 5: Laboratory test rig of the asymmetrical six-phase induction motor 
drive used for the control scheme assessment. 

 
Fig. 6: Failure of the predictive control to regulate the machine currents 
at R = 0.00001*I. 

B. Asymmetrical Six-phase Pulse Width Modulation 

There are several asymmetrical six-phase PWM schemes 
[32]. This work adopts carrier-based pulse width modulation 
with min-max injection (per three-phase circuits), which is 
essentially equivalent to two three-phase inverters based 
SVPWM [33]. CCS-MPC uses the same PWM scheme. 

IV. EXPERIMENTAL RESULTS 

Flowchart of the CCS-MPC algorithm described in Section 
III is shown in Fig. 4. The developed predictive control scheme 
is examined experimentally in the laboratory test rig shown in 
Fig. 5. It consists of 2-pole (10/12 pitch) asymmetrical six-
phase induction motor rewound from a 1.5 hp three-phase 
induction motor (415 V, 50 Hz, 4-pole, 24-slot), a custom-made 
six-phase voltage source inverter constructed using Semikron’s 
IGBT SKM50GB12V, iDRC’s dc voltage supply, and 
Magtrol’s hysteresis brake.  The test rig is depicted graphically 
in Fig. 5. The six-leg inverter is controlled by Texas Instrument 
DSP microcontroller TMS320F28335. Each inverter leg’s 
output current is measured using LEM LA25P and the 
measurement signal is conditioned with very minimum analog 
filtering to preserve phase integrity. Dc-bus voltage is reduced 
to 300V to allow a safe testing and live online weighting factor 
tuning. The machine parameters used in the predictive model 
are obtained experimentally through standard no-load and 
locked-rotor tests, using the hysteresis brake. The machine-
inverter parameters and other experimental system settings are 
given in Table I. 

A.  Measurement Noise Compensation 

The relevance of the incremental input voltage weighting is 
assessed first. The machine’s d-axis current reference is ramped 
from 0 A to 0.35 A to realize gradual flux build-up during 
initialization. The q-axis current reference is stepped through 
the values of 0, 0.5, -0.5, and 0 A, with each step lasting one 
second. Note that throughout this part of the investigation, the 
rotor is intentionally locked using the hysteresis brake in order 
to remove any discrepancy that could be caused by rotor 
vibration across different gain values. First, weighting factor W 
is set to I and weighting factor R is set to near zero value, i.e.,  

   
Fig. 7: Measurement noise effect and its compensation. (Left col.) R = 0.0001*I; (Middle col.) R = 0.001*I; (Right col.) R = 0.01*I. 
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to 0.00001*I, where I is an identity matrix of an appropriate 
dimension. In principle, the predictive control should continue 
to function through the current tracking part of the cost function 
(12). However, Fig. 6 shows that the predictive controller failed 
to satisfactorily regulate the machine currents. This is deduced 
to be caused by the measurement noise. Next, weighting factor 
R is set to 0.0001, 0.001, and 0.01 (I is omitted from notation 
herein), and the corresponding current waveforms are shown in 
Fig. 7. It is seen that, as R’s magnitude increases, the waveform 
of the optimal voltage (only phase-A voltage reference is 
shown, computed on-the-fly using multi-leg inverter’s duty 
ratios) contains increasingly less white-noise-like ripples (in 
this low-power test rig, effect on currents is not significant). 
This result evidently supports the hypothesis about the effect of 
measurement noise in CCS-MPC. The input voltage 
penalization is therefore relevant, and functions as intended. 
Another remark on R is that if its value is set to a much higher 
value, e.g, few tens of times above the range considered here, 
the current dynamics will be noticeably slower. R is set to 0.005 
for subsequent tests. 

The above phenomenon is explained further in conjunction 
with all the control schemes considered in this work. In the 
classical, PI-based FOC, the explanation is straightforward. The 
low-bandwidth PI controllers have negligible gains in the 
vicinity of the frequency spectrum of the measurement, making 
it irrelevant during controller design. In FCS-MPC, the finite 
number of switching states or voltage vectors, actual or virtual, 
means that the cost function error is normally not nullified in 
each control cycle (at steady state). Therefore, the measurement 
noise contributes to enlarging the cost function error, affecting, 
though minimally (in close proximity from the theoretically 
optimal solution), the search for the optimal discrete VVs. If the 
“natural” voltage ripple is larger than what would be caused by 
the measurement noise (like in Fig. 7), the impact is less 
obvious. On the contrary, CCS-MPC has full VV space access 
with cost error zeroing feature. Significant measurement noise, 
when left uncompensated, causes seemingly unregulated 
currents, as shown in Fig. 5. Despite that, it is worth 
highlighting that the closed-loop system has not become 
unstable. 

B.  Dead-time Effect Compensation 

Quality of the primary plane’s d-axis current tracking is 
assessed against the dead-time effect and the proposed simple, 
integrator-based compensation. Fig. 8 shows d-axis current 
waveforms for uncompensated and compensated scenarios, 
with the d-axis current reference ramped to 0.35 A and then kept 
constant. Zoomed-view of the uncompensated d-axis current 
confirms the existence of steady-state tracking error, which is 
expected to be present also in the q-axis current (not shown). 
The extent of steady-state error depends on dead time, 
switching frequency, machine rating, and dc-bus voltage 
magnitude. Steady-state current tracking errors are relevant for 
the accurate control of the machine’s flux level, and of the 
motor torque for drive systems operating in the torque control 
mode. With integral gain kint set as 0.01 (i.e., an empirical value 
obtained through a simple live tuning), the steady-state tracking 
error is eliminated. This provides a simple proof of the 
effectiveness of the proposed compensation. It is worth noting  

 
Fig. 8: Stator d-axis current tracking (a) with dead-time compensation; 
(b) without dead-time compensation.  

 
Fig. 9: Current waveforms during the torque transient and reversal in 
(left col.) CCS-MPC and (right col.) PI-based field-oriented control. 
Reference speed is stepped from 450 rpm to 1500 rpm and the back to 
0 rpm at 1, 2, and 3 s, respectively. Reference i*sd is kept constant at 
0.35 A. DSP data sampling freq. is set as 200 Hz. 

that the tuning of the integrator gain kint is significantly simpler, 
when compared to the integral gains in the main PI controller 
of the classical control scheme, where closed-loop dynamic 
performance matters. 

C. Torque Transient and Reversal – Comparative 
Assessment 

Next, the torque transient and reversal in both CCS-MPC and 
the classical PI-based field-oriented control are examined, and 
the selected waveforms are shown in Fig. 9. The same PI-based 
speed control loop is inserted as the outer loop of both current 
control schemes. PI controllers in all four current control loops, 
especially those in the primary plane, have been tuned 
empirically to result in sufficiently fast current transients. On 
the contrary, apart from the tuning of R, required for input 
voltage penalization, CCS-MPC requires minimum tuning. 

On examining Fig. 9 further, small differences in current and 
speed transients can be noticed. CCS-MPC exhibits slightly  
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Fig. 10: CCS-MPC with PWM. (Left col.) 0.15 pu speed ref; (Right col.) 
0.5 pu speed ref. DSP data sampling freq. is set as 4 kHz. 

 
Fig. 11: PI-based full current control with PWM. (Left col.) 0.15 pu speed 
ref; (Right col.) 0.5 pu speed ref. DSP data sampling freq. is 4 kHz. 

 

faster transients with small overshoots in q-axis currents 
(evidenced in the speed waveform too) during large step change 
of the current references. The overshoots are deduced to be 
caused by slight parameter mismatch. On the other hand, the 
classical control scheme exhibits a good transient response due 
to a rather lengthy (live) tuning of the PI gains. In terms of 
steady-state x-, y-axis current ripples, given the control and gain 
settings, CCS-MPC is characterized with somewhat higher 
ripples, which is explained by imperfect matching of 
parameters in the control algorithm and the real system. It is 
worth pointing out that the above is in fact a result of careful 
tuning of the proportional gain of the PI controllers. A larger 
proportional gain will give higher sub-space current ripples 
than what is shown in Fig. 9 (right column), due to direct 
measurement noise amplification effect. 

 

D. Steady-state Performance – Comparative Assessment 

The steady-state performance for the used parameter/gain 
settings is examined further in Figs. 10 and 11. Fig. 10 shows 
the phase-a1, σ-, β-, x-, and y-axis currents of the asymmetrical 
six-phase machine at 450 and 1500 rpm for the CCS-MPC 
scheme. Fig. 11 shows the exact counterpart for the PI-based 
field-oriented control scheme. The reduced maximum speed 
range (1500 rpm) is a direct consequence of using one half of 
the rated dc-bus voltage at (near) rated flux/d-axis current – a 
value obtainable through scalar control. Two observations are 
made here: 
(i) in terms of high-order harmonics, i.e., switching ripples 

near 8 kHz switching frequency (see both Figs. 10 and 11), 
despite slight aliasing due to down sampling, both control 
schemes are practically equivalent. Both control schemes 
possess higher switching ripples at high operating speed 
(1500 rpm) than that at low operating speeds because MMF 
harmonics are effectively higher due to lower number of 
switchings per fundamental cycle. The entire voltage 
vector space is deployable by both control schemes. Also, 
the design basis of CCS-MPC does not require explicit 
consideration of the individual orthogonal planes and 
discrete VVs, actual or virtual. Therefore, the proposed 
predictive control scheme can be easily generalized to 
motor drives of higher phase order, e.g., three-plane current 
control in seven-phase drives. 

(ii) in terms of low-order harmonics, the x-, y-plane currents 
of CCS-MPC are still somewhat higher than in the case of 
classical control counterpart. It is noticed that the current 
distortion caused by dead-time effect, of harmonic orders 
higher than three, cannot be fully eliminated by the present 
design. This is because only the dc steady-state error can 
be eliminated (i.e., in classical control context, very high 
controller gain at dc). It is also noted that the low-order 
current distortion is slightly more pronounced for CCS- 
MPC at low operating speed as compared to that in the 
classical control scheme, deduced to be caused by 
parameter mismatch. At higher speeds, both control 
schemes exhibit quite similar behavior. 

The operating current of CCS-MPC at 1500 rpm (logged 
using oscilloscope at 25 kHz sampling frequency) and its post-
processed frequency spectrum is shown in Fig. 12. First, the 
main (high) frequency switching harmonics are concentrated 
around the 8 kHz region. Second, the presence of the 5th order 
harmonic, which maps into the xy-plane (according to the 
harmonic mapping principle [34]), confirms the discussion 
about limited correction gain of CCS-MPC on ac components. 

E. Further Assessment of PWM Delay Compensation, 
Loading, and Parameter Mismatch  

The effect of PWM delay and the relevance of the proposed 
model improvement are examined next using a second 
asymmetrical six-phase motor drive test rig, different from that 
described in Table I. Subsequent sets of results are obtained 
using this test rig. The rig’s parameters, the experimental 
conditions, and settings, are described in the caption of Fig. 13. 
Fig. 13a shows the phase and sub-space currents produced by 
CCS-MPC with uncompensated PWM delay, i.e., through 
model (7)-(8). The counterpart of (15) is: 
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1| , , 2

T T T T
k k opt uncomp k k k k



     u R B W B B W y A x δC C C C  

  (18) 
where  ,k uncomp k k δ C I A Bu . 

Fig. 13b shows the counterpart of Fig. 10’s left column for 
450 rpm speed reference at no load, and with PWM delay 
compensated using models (9)-(10). It can be clearly seen that 
currents in the xy-plane are more susceptible to PWM delay 
because the auxiliary (secondary) planes have only leakage 
reactance in multiphase drives system. This evidently supports 
the discussion on the susceptibility of non-idealities on 
multiphase drives’ predictive control. Moreover, it can be seen 
from Figs. 13a and 13b that the αβ-plane’s currents deteriorate 
due to higher xy-current ripple, due to single cost function 
control mechanism. With PWM delay compensated, Fig. 14 
shows the current waveforms under higher passive loading, 
imposed by a mechanically coupled permanent magnet 
synchronous machine connected to an adjustable power 
resistor. 

The effect of parameter mismatch on steady-state current 
waveforms is examined next. Figs. 15-17 show the sub-plane 
currents for the mismatches of, respectively, stator leakage 
inductance, magnetizing inductance, and stator resistance. It is 
clearly evidenced that CCS-MPC requires an accurate leakage 
inductance to produce high-quality current waveforms, as the 
mismatch affects the regulation quality of the xy-plane currents. 
Similarly,   with   single   cost  function,  αβ-plane  currents   are  

 
(a) 

 
(b) 

Fig. 12: (a) Phase current and its frequency spectrum of CCS-MPC 
operating at 1500 rpm. (b) Corresponding oscilloscope’s screen shot 
(with default time window). Oscilloscope sampling frequency is 25 kHz. 
(Scaling: 2V/100V (Ch1), 20mV/500mA (Ch2)). 

 
(a)            (b) 

Fig. 13: Effect of the PWM half-sampling delay and the effect of using 
the improved predictive model in CCS-MPC, with the motor running at 
450 rpm without loading. (a) Standard two-step predictive model (7)-(8); 
(b) improved predictive model (9)-(10). All other experimental conditions 
remain the same. A second asymmetrical six-phase motor drive, 
different from that described in Table I, is used. [Machine parameters: 
1.5 kW, 24 slots, 2 poles, 10/12 pitch, Rs1 = 8 Ω, Rr1 = 4 Ω, Lm1 = 572 
mH, Ls1 = Lr1 = 30 mH; Dc-bus voltage is 200V; switching frequency 8 
kHz; dead time 4.5 μs; flux/d-axis current reference is 0.7 A]. 

 
Fig. 14: Steady-state phase and sub-space currents when motor runs at 
450 rpm with load. 

 
(a)            (b) 

Fig. 15: Effect of stator leakage inductance mismatch (as compared to 
the nominal Lls1 used in Figs. 13-14) on sub-space currents. (a) 50% Lls1; 
(b) 200% Lls1. 

 
(a)            (b) 

Fig. 16: Effect of magnetizing inductance mismatch (as compared to 
nominal Lm1 used in Figs. 13-14) on sub-space currents. (a) 50% Lm1; (b) 
200% Lm1. 

 
(a)            (b) 

Fig. 17: Effect of stator resistance mismatch (as compared to Rs1 used 
in Figs. 13-14) on sub-space currents. (a) 50% Rs1; (b) 200% Rs1. 
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TABLE II.  SUMMARY OF COMPARATIVE ASSESSMENT 

Performance CCS-MPC Classical FOC 

Switching frequency 8 kHz 8 kHz 
Current THD @ 450 

rpm 
11.2% 8.7 % 

Current THD @ 
1500 rpm 

7.3 % 5.8 % 

Current dynamics, 
and its tuning 

Consistently fast. R 
dependent, very simple 

Fast, with cross-
decoupling and well 

tuned PI gains. 

Cost function design 
Less flexible, limited to 

linear cost function design 
- 

Ability to consider 
constraints 

dynamically 

Not available in analytical 
optimal solution. Voltage is 

explicitly constrained. 

Through anti-windup 
mechanism. Voltage is 
explicitly constrained. 

Parameter sensitivity 
impact on dynamic 

and steady-state 
performances 

Similar impact on 
dynamics. Current quality 

depends on Lls, but is 
insensitive to Lm and Rs. 
Non-switching voltage 
ripple is R dependent. 

Similar impact on 
dynamics. Current 

quality depends mainly 
on P gain, and is 

insensitive to Lls, Lm 
and Rs. 

Digital control and 
PWM delays 

Susceptible, but can be 
compensated. 

Not susceptible in 
most practical cases 

Computational time* Medium Low 
* For CCS-MPC, real-time matrix multiplication is minimized by pre-multiplying some matrices 

offline. 

inevitably affected. Fig. 16 shows that the magnetizing 
inductance (and rotor resistance) mismatch has little impact on 
the steady-state current quality, but the machine transient is 
inevitably affected more. This is a well-established subject, and 
interested readers are referred to [4] and references therein for 
details. Fig. 17 shows that the impact of stator resistance 
mismatch is not as significant when compared to that of stator 
leakage reactance. Lastly, Table II summarizes the comparative 
numerical assessment values. 

V. CONCLUSION 

CCS-MPC of an asymmetrical six-phase induction motor 
drive is presented. The designed cost function deals with the 
tracking of the multiple plane’s current components, and 
measurement noise suppression through penalization of input 
voltage increments. The design accurately considers the 
presence of non-idealities, namely digital control delay, PWM 
delay, and dead time. The proposed control scheme is assessed 
experimentally and compared with the classical PI-based field-
oriented control. The comparison reveals that the CCS-MPC 
has similar switching performance as the PWM-based classical 
control. It is also concluded that the CCS-MPC performance is 
affected by the problems caused by the dead-time-induced low-
order harmonics and parameter mismatch. These aspects should 
be investigated and improved further to increase the industrial 
relevance of the predictive control scheme for constant-
switching frequency low-/medium-power multiphase drives. 

Most recent FCS-MPC schemes for multiphase drives by and 
large face the design challenges posed by large number of 
actual/virtual VVs and multiple orthogonal planes in the 
context of full current control. In principle, if linear predictive 
model and time-invariant assumptions (within each control 
cycle) are adopted, the achievable steady-state performance of 
those FCS-MPC schemes is at best equivalent to CCS-MPC. 
The explicit consideration of multiphase voltage vectors in 
CCS-MPC effectively moves the switching voltage synthesis 
back to the established pulse width modulator. In the context of 
the algorithmic complexity resulting from dealing with 

multiphase system’s large number of active voltage vectors and 
meeting full current control requirement, the form of CCS-MPC 
discussed in the paper has some advantages over the present 
FCS’s state of the art, especially in systems with higher phase 
order and/or in systems supplied from multilevel inverters. The 
work however concludes that CCS-MPC, despite the attempted 
accurate design considering non-idealities, does have the 
problems of low-order harmonics (due to parameter mismatch) 
and implicit constraints consideration. These can be the next 
direction of research. 
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