Evolution of Model Predictive Control in Multiphase Electric Drives

1. Introduction

Multiphase electric machines (i.e., those with more than three phases) have been completely
remained in the shadow of their three-phase counterparts for a long time. The choice to build
three-phase power systems made multiphase machines unable for a direct connection to the
network, and the development of high-performance multiphase electric drives was still not
feasible in those early days. It was not until 1969 when the first proposal of a multiphase drive
was recorded [1], but little attention was paid to this field in the subsequent three decades.
Although some basic foundations of multiphase electric drives were established in the 90s [2],
the number of studies during the 20™ century were very scarce [3].

On another side, model predictive control (MPC) also journeyed through the wilderness to be
applied in the field of electric drives. MPC was already popular in the chemical industry during
the 1980s, but the application to drives was hindered by the lack of appropriate technology for
the real-time implementation of predictive algorithms [4]. The high computational cost of MPC
was unreachable for power electronics with high switching frequency requirements [5].

Curiously enough, the hibernation of the multiphase technology and the impossibility to apply
MPC in electrical systems came simultaneously to an end by the beginning of the 21 century.
With the development of power electronics and the advent of much more powerful digital signal
processors (DSPs), multiphase electric drives flourished [3] and MPC became feasible for
three-phase systems [5]. Since then, the growth of both fields has been exponential [3]. With
multiphase machines and predictive strategies in full development, those parallel paths were
destined to converge, and it was in 2009 when the first attempt to insert a predictive current
controller into a multiphase system was performed [6]. This milestone gave a proof of concept
and opened a new field of research that rapidly arose the interest of researchers. Nevertheless, the
newborn area was still far from achieving the attractive standards of MPC in three-phase drives.

Quite unfortunately, standard finite-control set MPC (FCS-MPC) was unable to provide sufficient
accuracy in these highly complex multi-dimensional systems. Predictive current controllers
provided a rather poor steady-state power quality, and for this reason FCS-MPC was perceived
as the Cinderella of multiphase regulation strategies from the current quality point of view.
Classical linear control methods from the 1970s, such as the field-oriented control (FOC) with
proportional-integer (PI) current controllers, were still highly superior in terms of current
distortion and torque ripple [5,7].

Many different efforts were devoted from 2009 onwards to enhance the current quality of
predictive techniques, to compete with FOC at the same level [7-9]. In this context, a key finding
was brought in 2011 with the concept of virtual/synthetic voltage vectors (VVs). Initially
suggested for direct torque control (DTC) [10, 11], VVs were subsequently used for MPC to
enhance the regulation of the new degrees of freedom in multiphase systems [9, 12-20]. Although
MPC kept on skipping the use of an independent pulse width modulation (PWM) stage, VVs
allowed the use of several switching states per sampling period from the voltage source converter
(VSC), which can be regarded as an implicit modulation included within the control. The concept
of VVs simply seemed to be the glass slipper that perfectly fit into MPC’s foot [9, 12-20].

The creation of VVV-based MPC strategies was then continuously improved to finally reach the
level of linear PI regulators in FOC using a carrier-based PWM stage. The empowerment of MPC
led to a current tracking capability in the range of FOC and allowed retaining, at the same time,
some of the inherent advantages of the predictive approach: fast dynamic response, control
flexibility and simple utilization of the dc-bus voltage, to name a few. Even though the area of



multiphase electric drives with predictive current controllers is rather young, the tour from 2009
to 2021 is a story of success [4-9, 12-55] (Fig. 1). This manuscript walks briefly along this
teenager field of research and provides experimental evidence of its capability to compete and
even outperform linear current controllers.
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Fig. 1: Evolution of FCS-MPC in multiphase electric drives.

2. Multiphase electric drives in a nutshell

Multiphase electric drives show several advantages over three-phase systems, providing
hardware-free fault tolerance, better efficiency, higher flexibility, and some exclusive modes of
operation thanks to the extra phases [2-3]. Some of these beneficial features have convinced
industry to develop some emblematic products [3], but the higher number of phases also implies
a higher complexity for the control strategies.

The principle of operation of multiphase electric machines is essentially the same as in
three-phase ones: the creation of a rotating (Tesla’s) field. A first main difference is however that
multiphase machines create the rotating field with the contribution of more phases. The additional
degrees of freedom, other than a-f components, are typically referred in literature as x-y
components.

A couple of questions might arise now: i) What are these mysterious x-y currents? In
distributed-winding machines with sinusoidal magneto-motive force (MMF) they are just
circulating currents that flow through the stator of the machine, but do not link the rotor side
because they cancel out in the airgap, and ii) Are x-y currents beneficial or harmful? Although
they can be used for some innovative modes of operation [3], in general they are simply a source
of stator copper losses and consequently they should be minimized for the sake of efficiency,
especially when the x-y impedance is low [13, 56].

It is fair noting here that the role of x-y currents is very different in the presence of spatial
harmonics. When the distribution of the MMF in the airgap is not sinusoidal, these currents



become flux/torque-producing components and, consequently, they can be deliberately injected
to enhance the torque [2]. Nevertheless, this scenario has been scarcely studied in combination
with MPC [28-31], hence this paper will assume hereafter that the spatial harmonics of the electric
machine are negligible.

A second distinctive difference of multiphase systems is the amount of switching possibilities,
which is equal to m™ in m-level VSCs. This extended availability implies a higher number of
sectors, sizes and subspaces. For the sake of example, six-phase VSCs allow 64 switching states
that provide voltage vectors with five different sizes (null, small, medium, medium-large and
large), mapped onto two orthogonal planes, as it is depicted in Fig. 2. As the number of phases
(n) and levels (m) is augmented the number of voltages vectors dramatically increases, e.g., 243
withm =3 and n = 5 [51].

Is it beneficial or harmful to have all these new possibilities? In spite of the higher complexity to
select the optimal switching states and duties, the extended availability can be regarded as
advantageous for two main reasons: i) phase voltages can take more discrete values, and this helps
improving the current quality and ii) there is further room for improvement by considering VSC
states that reduce the switching frequency. However, the higher amount of control actions also
implies a computational burden for FCS-MPC, hence the optimal design of predictive strategies
is consequently a major challenge.
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3. Model predictive control in a nutshell

Although predictive control refers to a wide family of control techniques, FCS-MPC is the branch
with a higher popularity in the field of multiphase systems thanks to its ease of implementation,
flexibility in the definition of control objectives and fast dynamic response [4-5]. It has been
applied to various number of phases (e.g., five [17, 40, 43, 44], six [15, 19, 38, 48], nine [47] and
eighteen [54]), winding arrangements (e.g., symmetrical, asymmetrical and dual [52, 53]),
converter levels (e.g., two [20, 46] and three [50, 51]) and types of machines (e.g., induction [23,
25, 26, 39], permanent magnet [33, 45, 49, 55]).

In essence, FCS-MPC is based on the prediction of the future states of the drive and the selection
of the control action that better approaches the desired future state. Although MPC can be directly
applied to torque control [8,18,23,37,39,40,51,54], the most popular option in the field of
multiphase drives is to restrict MPC to the inner current control loops [6-9,12-17,19,20,22-26,24-
26,29-36,41-49,52,55,57], as in FOC-type control schemes. In such case the states are typically



the VSD currents (i,gxy), as shown in Fig. 3. The control actions are, in turn, the switching states
of the VSC.

The prediction (Z,p.y) is typically performed using a discretized multiphase machine model with
standard assumptions [6], although advanced observers and auto-regressive estimators can be
used to enhance the accuracy and robustness [46, 48, 51] and reduce the parameter dependence
[32,46]. The latter issue is relevant since MPC is known to be sensitive to parameter mismatch
[57] caused by different operating conditions (e.g., due to saturation or thermal effects) [58]. The
control actions are then designed to follow a reference trajectory (i;ﬁxy) by minimizing a certain
cost function J:

A a2 A a2
J=(— la)z + (lﬂ - lﬁ) + ny ’ [(lx - lx)z + (ly - ly) ] (1)
where the weighting factor K., promotes the tracking of the x-y currents at the expense of the

a-f currents. The control action is then typically selected to track the a-f currents (flux/torque
production) and the x-y currents (typically driven to zero in distributed-winding machines),
although some works also focus on the common mode voltage minimization [32, 33, 51].

Two new challenges are found in the implementation of MPC for multiphase drives:

i) The implementation of the control algorithm in real-time.
i) The regulation of x-y currents to preserve efficiency and current quality.

While issue i) is just a matter of computational resources and software optimization, issue ii)
becomes critical, as it is explained next.
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4. The elephant in the room

After the first predictive controller was applied to a six-phase drive, many different approaches
were suggested to improve MPC. Selecting the switching states of the VSC to minimize the
switching frequency [21], enhancing the machine model [8, 23], estimating non-measurable
variables [24], using a variable sampling period [25], reconfiguring the control scheme for
fault-tolerant operation [26, 55] or including different restrictions in the cost function [21, 27] are
just some examples of these efforts. Even though each proposal had its own interest, none of these
attempts could narrow the gap from MPC to FOC in terms of current quality.

In the light of this low performance, researchers started to feel that there was an elephant in the
room that nobody was looking at. The non-addressed issue was the incapability of MPC to



properly regulate x-y currents if only one switching state per sampling period is applied.
Regardless of how precise the model is, the control action cannot generate flux/torque with null
x-y currents for the simple reason that one switching state simultaneously maps onto a-f and
x-y planes.

After the elephant in the room was pointed at, it became clear that a single control action could
not satisfy the requirements of such a multidimensional system. At this moment, it was time to
move on and include some further accuracy in the control actions.

5. The glass slipper

While MPC could not achieve the FOC performance in terms of current quality, the situation with
DTC was even more worrisome. DTC completely disregarded the x-y components because the
look-up tables were only designed to track flux and torque, and the result was dramatic when the
impedance on the x-y plane was low, leading to an unacceptable current distortion [12]. For this
reason, it is not strange that the first solution for this issue was suggested in the context of a DTC
technique [10].

The performance was improved by changing the control action: instead of applying a single
switching state per sampling period, a combination of two switching states was suggested and
implemented in a DTC-based five-phase drive [10]. The key idea was to use switching states and
dwell times in such manner that the x-y voltages could be null on average during a sampling
period. ldeally, these zero x-y voltages should lead to zero x-y currents if asymmetries are
neglected. Consequently, DTC could concentrate on the flux and torque tracking. The result of
combining switching states with this purpose was termed virtual or synthetic voltage vectors. The
same concept was then exported to MPC, either for predictive current or torque control [12, 51],
including these newborn VVs as control actions.

Fig. 4 shows the creation of VVVs for a six-phase drive, where switching states 36 and 53 are
applied during 73% and 27% of the sampling period [12]. With the inclusion of VVs in six-phase
drives, iterations were reduced from 64 to 13. Furthermore, the model and cost function could
fully omit the x-y terms, therefore the scheme was also simpler than standard MPC. It can be said
that the VV concept was the glass slipper to start competing with FOC in terms of current quality.
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Fig. 4. Creation of VVs in a six-phase drive: vector combination in the a-g and x-y planes (upper plots) and time scheme
and average value (yellow circle) for a-B and x-y voltage components (lower plots).

6. The average deception

Since the semiconductors of power converters only operate in cutoff and saturation states, the
electric machine is supplied with switched voltages. However, the predictive models in MPC only
consider the averaged values over a sampling period. It follows that the estimations are identical
when the average voltages remain constant, regardless of the voltage waveform. Unfortunately,
this simplification can be deceiving in some specific cases.

Let us take an example from our daily life. It is well-known that it is not the same to run seven
kilometers six days a week than to run a full-marathon on Saturday morning. Even though the
average amount of kilometers is the same, we will likely suffer a muscular soreness on Sunday
morning if the exercise was not well distributed along the time. Resorting back to the case of a
multiphase drive, it is not the same if the x-y voltage average is null because the voltages are
constantly zero or because high instantaneous voltages cancel out. In the latter case, even with
zero-average voltages, some switching harmonics will appear.

Taking the VV from Fig. 4 as an example, voltage vector 53 is mapped onto the secondary
subspace as a medium-large voltage vector, this being less favorable than using large voltage
vectors with a small contribution in the x-y subspace [13]. The best choice depends on each
specific setting, but it is worth having in mind that it is not only the average value what determines
the optimum performance in the current regulation of the x-y plane.



7. The boules game

The main aim of the control is to track the reference currents i;B, which in turn implies
approaching the reference voltage v, . Taking a sport simile, the selection of the a-f voltages
resembles the popular boules game. In this comparison, the jack would be the desired voltage v,

(small yellow balls in Fig. 5) and the balls would be the available voltages (i.e., the control
actions). The aim of the game is then to approach the jack (v;’;ﬂ) to get the currents i;‘;ﬁ that will

generate the proper flux/torque. The player (MPC) will evaluate the best position of the ball (cost
function) and will then throw the ball (control action) to one of the allowed positions.

In the case of VV-MPC for a six-phase system [12-13], the VSC can only deliver 13 discrete
voltage outputs (i.e., VV; with ie[1, 13]). Therefore, it is like playing boules with the restriction
that you can only place the ball in certain specific points (valleys in Fig. 5a). Despite the interest
of VVs, as far as the a-f plane is concerned the control action is still quite coarse [12]. The
discrete nature of VV-MPC highly compromises the capability of the player to win the game.
Conversely, the voltage output in FOC strategies with explicit PWM stages is a continuous control
action [7], and this implies that you can locate the ball wherever you want (Fig. 5b).

In the light of these limitations, it was the time to improve the precision of MPC in the a-£ plane.
Some works suggested the combination of VVs with a zero vector [14, 44], whereas other
proposals used two virtual vectors [16] and VVVs formed by more than two switching states [18].
The control actions in those multi-vector MPC strategies were still discrete, but the ball could
then be placed in many more different places (Fig. 5¢). This higher degree of refinement in the
voltage output possibilities allowed a better approach to the jack.

A next move to improve the precision of MPC in this boules game was to make VVs more
dynamic [15], hence the duties started to be variable and online calculated. While the dynamic
approach allowed a better adaptation to the operating point, the estimation of the duty cycle was
simplified and improved using VVs formed by sets of adjacent large voltage vectors with a null
voltage vector [9, 32, 33].

The price to be paid in all different multi-vector MPC strategies (Fig. 5¢) is the reduction of the
dc-bus utilization (although some works have improved this aspect [33]) and the increase of the
effective switching frequency. Nevertheless, the new family of MPC strategies achieved, for the
first time, the current quality of conventional vector control strategies, as it is shown next.

8. The maturity of MPC

Retaining a discrete nature and inherent advantages, FCS-MPC has shown a significant progress
in the last decade. Apart from the improvement in the predictive model [8, 23], the modifications
in the cost function [21, 27], and the reduction of the computational efforts [45, 49], the most
relevant improvements have gone hand in hand with the refinement of the control actions [9,
32, 33]. The evolution can be summarized in the following stages:

1) Application of one switching state during the whole sampling period (e.g., standard MPC
[6]).

2) Application of two switching states with fixed times of applications (e.g., VV-MPC [12],
using one large and one medium large vector).

3) Use of a multi-vector approach with variable times of application (e.g., MV5-MPC, using
four adjacent large vectors plus a null vector). This control strategy has been designed
extending the regulation technique presented in [9].
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Fig. 5. Simile of the boules game with the voltage vector selection in the a-g plane.

The maturity of FCS-MPC is exemplified and highlighted in this section providing experimental
results that compare its performance from the current quality point of view. In addition, a
conventional IRFOC scheme using a CB-PWM stage (likely the most implemented control
approach in industrial applications) is employed as a comparative basis for the discussion. From
left to right, Figs. 6 and 7 show the performance of MPC, VV-MPC, FOC with carrier-based
PWM and MV5-MPC in low-speed and high-speed scenarios, respectively. Although the speed
tracking is similar in all methods, the current tracking is significantly different.

In the low-speed scenario, currents in the main plane (Fig. 6b) show a high current ripple in
standard MPC due to the use of a single control action. Fortunately, this limitation is overcome
when the number of applied switching states increases, as shown in VV-MPC and MV5-MPC
results. In fact, the a-B current quality in MV5-MPC is in the same range of IRFOC with
CB-PWM (see Fig. 6e). Concerning x-y current mitigation, the better performance is obtained in
MV5-MPC (Fig. 6c¢), slightly outperforming the current tracking with FOC. The main reason for
this improvement is the exclusive use of switching states with a low contribution in the x-y plane.
In addition, the use of the null voltage vector diminishes the x-y injection providing an overall
reduction of the harmonic content.
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Figure 6. Steady-state performance at 250 rpm. From left to right: FCS-MPC, VV-MPC, IRFOC with CB-PWM and MV5-MPC. From top to bottom:
(a)motor speed, (b)d-q currents, (c)x-y currents, (d)set 1 of phase currents, (e)a-B and x-y currents, (f)switching frequency and quality indices.

In the high-speed scenario, the application of switching states with a low production in the x-y
subspace is especially necessary (Fig. 7e and 7f). For this reason, MV5-MPC achieves
considerable better current quality indices than IRFOC using CB-PWM (see Fig. 7f). As shown
in Fig. 7d, phase currents show a lower harmonic content in the case of MV5-MPC, confirming
the maturity of MPC. In addition, the use of VV approaches has allowed the reduction of the

computational time of the FCS-MPC, mitigating in this manner one of the main MPC
limitations (Table I).
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Figure 7. Steady-state performance at 700 rpm. From left to right: FCS-MPC, VV-MPC, IRFOC with CB-PWM and MV5-MPC. From top to bottom:
(a)motor speed, (b)d-q currents, (c)x-y currents, (d)set 1 of phase currents, (e)ea-B and x-y currents and (f)switching frequency and quality indices.

Table I. Computational time.

Control method Computational Time (us)
FCS-MPC 67.2
VV-MPC 19.6
IRFOC 17.0
MV5-MPC 21.0

9. Conclusions

In a field where linear controllers have been the preferred choice for the regulation of multiphase
electric drives, a new player is now sitting at the same table. In fact, the use of multi-vector control
actions has been the ace up the sleeve of FCS-MPC strategies to significantly improve their
current tracking capability. The evolution of those multi-vector predictive strategies during the
last decade has come to a tipping point where the current quality of FOC with conventional CB-
PWM has been reached and even surpassed. In this manner, the control designer can benefit from
the inherent advantages of MPC schemes and simultaneously obtain an excellent current tracking

with low distortion.
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