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Variable Flux Memory Machine With a Novel
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Abstract—Variable flux memory machine (VFMM) with change-
able permanent magnet (PM) flux is recognized as a promising
candidate in wide-speed-range applications. Because the electro-
magnetic parameters of VFMMs normally change with working
conditions, the design of the current controller is very demanding
in terms of robustness. For this reason, an improved finite-set
model predictive current control (FS-MPCC) is proposed in this
article. On one side, a simple measuring procedure is designed to
obtain the susceptible parameters, including PM flux and dg-axis
inductances. The obtained data are stored in look-up tables to
online update the parameters involved in the prediction model so
that the robustness of FS-MPCC can be significantly enhanced. On
the other side, to improve the steady-state performance, the original
control set is extended by a geometric modulation method. A novel
three-layer optimization strategy is then proposed to select the
optimal choice from the extended control set, effectively reducing
the computational burden. In addition, an improved mathematical
model is presented to deal with the induced voltage caused by the
rapidly varied PM flux, which is a unique issue that exists in VFMM
drives. Finally, the experimental results based on a prototype test
rig validate the proposed FS-MPCC.

Index Terms—TFinite-set model predictive current control
(FS-MPCC), model predictive control (MPC), parameter
measurement, permanent magnet (PM), variable flux memory
machine (VFMM).
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1. INTRODUCTION

A. Research Background

ERMANENT magnet (PM) machines have attracted more
P and more attention in the industry [1], [2], [3], owing to
their advantages like high power density, good reliability, and
increasing efficiency. A troublesome impeding factor of further
development of conventional PM machines is unchangeable
PM flux, which results in the demerits of limited speed range
and narrow high-efficiency region [4], as shown in Fig. 1(a).
Especially, in high-speed regions, the flux-weakening operation
realized by continuously injecting a negative d-axis current
must be activated to reduce the back electromotive force (EMF)
value, accompanied by a severe efficiency degradation [5]. To
address this issue, variable flux PM machines have emerged
and received growing interest, such as variable flux memory
machines (VFMMs) [6], [7], [8], [9], [10], [11], [12], [13], [14],
[15], [16].

The most pronounced property of VFMMs is the employ-
ment of low coercive force (LCF) PMs [6], like AINiCo and
SmCo magnets. The LCF PMs can be easily re-/demagnetized
by applying a short current pulse. From this fact, the purpose
of flux-weakening in high-speed regions can be realized with
negligible copper losses [7]. Moreover, the feature of change-
able PM flux is advantageous for maintaining high-efficiency
operation in varied operating situations. The typical curves of
torque/power versus speed of VFMMs are shown in Fig. 1(b),
exhibiting two advantages in terms of wider speed range and
wider high-efficiency region. Due to these advantages, VFMMs
are especially suitable for applications with the requirement of
wide-speed range, such as electric vehicles [8] and household
appliances (e.g., washing machines [9], [10]).

B. Literature Review

The original concept of VFMM was introduced in [11] and
only AINiCo PMs are employed in the prototype. It is inevitable
that the torque density of the original VFMM is relatively low. To
tackle this issue, various topologies integrating both high coer-
cive force (HCF) and LCF PMs in the rotor have been proposed
[81,[12],[13],[14], [15]. The arrangement of two kinds of PMs is
multifarious, and the resultant magnetic circuit can be of parallel
type [12], series-type [8], or hybrid type [13]. It has been proven
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that the parallel-type magnetic circuit suffers from the risk of
unintended demagnetization of LCF PMs and the series-type one
is subjected to the deficiency of a narrow flux-regulation range
[14]. Comparatively, the hybrid-type magnetic circuit (HMC)
is more attractive, since it combines the advantages of both
parallel-type and series-type designs, as successfully verified in
[13] and [15]. Compared to traditional PM machines, VFMMs
normally have a relatively complicated rotor design and hence
more apparent magnetic saturation effect [16]. As a result, their
PM flux and dg-axis inductances show wide-range variations
under different working conditions. Thus, the current controller
should be highly robust to these electromagnetic parameters.
Besides, the current controller also desires a very quick response
to deal with the control of the d-axis current pulse for adjusting
PM flux [17].

There have been some publications [17], [18], [19], [20], [21],
[22] posing the concern on the control of VFMM drives. In [18],
a maximum-torque-per-ampere technique based on a neural
network is described, where the stator currents are regulated by
using the standard vector control. In [19], the deadbeat (DB)—
direct torque and flux control is used, which is an enhanced
version of direct torque control (DTC). In [20], a modified
model is established by considering the induced voltages during
flux-regulation processes, and then an improved feed-forward
current controller is proposed. The controller is heavily depen-
dent on machine parameters, which are obtained by using the
finite-element (FE) method. Differently, with the experimental
measurement, the dg-axis inductances, cross-magnetization ef-
fects, torque-ripple, and torque-angle characteristics of a VFMM
prototype are obtained by using the voltage injection method
on the mature vector control framework [21]. Recently, the
disturbance observer-based control methods have been studied
for VFMM drives. In [17], an improved DB current control
(DBCC) is proposed and applied to a dual three-phase VFMM
drive. A disturbance observer is proposed to deal with the
system uncertainties. In [22], a feed-forward current controller
based on linear active disturbance rejection control is proposed.
The embedded linear extended state observer is responsible for
estimating the total disturbance, including the induced voltage
resulting from the change of PM flux and the uncertainties due to
parameter mismatches. Overall, two main control frameworks,
namely vector control and DTC, have been extended to VFMM
drives. Besides, either a parameter compensation scheme or dis-
turbance observation technique can be utilized for the robustness
enhancement.

C. Motivation and Contributions

With the advancement of modern microprocessors, model
predictive control (MPC) strategies are of growing research
interest and have been regarded as a new high-performance
control framework for electrical machine drives. Among sev-
eral MPC strategies, finite-set model predictive current control
(FS-MPCC) is the most promising one, because of its explicit
principle, simple implementation, and unique capability to han-
dle nonlinearities and/or multivariables [23], [24]. FS-MPCC
is outstanding in terms of dynamic performance [25], which
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Fig. 1. Typical curves of torque/power versus speed of (a) traditional PM

machines and (b) VFMMs.

is exactly fit for VFMM drives. This point encourages the
motivation of our work, to make an attempt to apply FS-MPCC
to VFEMM drives. There are three issues that shall have attention
as follows.

First, as a model-based control strategy, FS-MPCC extremely
relies on the accuracy of machine parameters [26]. The most
noteworthy issue is how to enhance the robustness of the system
against the complicated parameter variations. As mentioned
above, the parameter compensation scheme based on either the
FE method [20] or experimental measurement [21] is a good
choice to improve the robustness without complicating the total
control program, differing from the schemes with parameter
identification technique [27] or disturbance observer [26]. In
this work, the parameter compensation method based on ex-
perimental measurement is adopted to deal with the parameter
variations of VFMMSs. A subsequent challenge is to measure
the system parameters offline and to construct the associated
look-up tables (LUTs), which is extremely time-consuming.
Therefore, a simple measuring procedure of electromagnetic
parameters including PM flux and dg-axis inductances is de-
signed. It consists of two parts: 1) obtaining the PM flux and
d-axis inductance with the aid of the voltage injection method
[21]; and 2) identifying the g-axis inductance based on a flux
observer.

Second, a distinctive issue that existed in VFMMs is the in-
duced voltage caused by the rapid change of PM flux, as pointed
out in [20] and [22]. The induced voltage can be modeled by
adding a term of the differential of PM flux with respect to time
(namely dvpyi/dt) into the d-axis voltage equation [20]. How-
ever, such a modeling method is not applicable to FS-MPCC, as
an additional state variable appears. This unique issue is tackled
by using an improved mathematical model in this work. In short,
the term dipn/dt is approximated as the product of a linearly
equivalent inductance and diy/dt so that the induced voltage is
easily integrated into the original mathematical model. As such,
the control performance during flux-regulation processes can be
further improved.

Third, the steady-state performance of FS-MPCC does not
bear comparison with the modulation-based vector control [28].
One way around this problem is to increase the number of
options in the control set by constructing virtual vectors, usually
accompanied by increased computational burden. Therefore,
some effective optimization strategies have been proposed [29],
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Fig. 2. Topology of the investigated HMC-VFMM.

[30]. These solutions are always composed of multiple layers.
The options of the original control set are filtered in the front
layer(s) by using, for example, the DB [29] and sliding-mode
[30] concepts, coming up with a less-option subset addressed
in the final layer. In our prestudy [31], a geometric modula-
tion method is used to extend the control set, and an effective
three-layer optimization strategy is proposed and verified using
simulations. This work follows the prestudy and provides more
comprehensive experimental results.

In summary, this article presents a systematic study for ap-
plying FS-MPCC to VFMM drives. The main contributions are
as follows.

1) A simple measuring procedure is designed for VFMMs to
obtain the data of electromagnetic parameters, which are
used in FS-MPCC for robustness enhancement.

2) An improved mathematical model is proposed to
strengthen the performance of FS-MPCC during flux-
regulation processes by considering the induced voltage
caused by the rapidly varied PM flux, which is a distinctive
consideration in VFMM drives.

3) An efficient three-layer optimization strategy is proposed
for FS-MPCC to deal with an extended control set by using
less computational burden, which is further verified by
experiments based on the prestudy as in [31].

D. Outline

The rest of this article is organized as follows. In Sec-
tion II, the topology and the principle of PM flux regulation
of an HMC-VFMM are described and explained. The measur-
ing procedure of electromagnetic parameters is presented in
Section III. Section IV elaborates on the three-layer optimization
strategy-based FS-MPCC considering the compensation of in-
duced voltage. In Section V, some experimental results are given
to validate the effectiveness of the proposed method. Finally,
some conclusions are made in Section VI.

II. HMC-VFMM: TOPOLOGY AND PRINCIPLE OF PM
FLUX REGULATION

A. Topology

The HMC-VFMM proposed in [15] is investigated in this
article. The topology of the machine is shown in Fig. 2. As seen,
both HCF and LCF PMs, i.e., NdFeB and AINiCo magnets, are
arranged in the rotor, forming a hybrid parallel/series magnetic
circuit. This arrangement can combine the advantages of two
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kinds of magnetic circuits. The HCF PMs in the series branch,
on the one hand, can effectively enhance the on-load demag-
netization capability of the LCF PMs. On the other hand, the
HCF PMs in the parallel branch can be short-circuited within the
rotor core when the LCF PMs are reverse magnetized, widening
the adjusting range of the air-gap flux. Besides, the designed
g-axis flux barriers can effectively mitigate the cross-coupling
effect between the d- and g-axis magnetic circuits. Therefore,
the mutual inductances are omitted from consideration in this
article.

B. Principle of PM Flux Regulation

The existence of LCF PMs gives VFMMs the capacity of
online regulating the air-gap flux. The principle can be illus-
trated by using a simplified hysteresis model of LCF PMs, as
shown in Fig. 3. The initial operating point is assumed to be
Py. Applying a negative d-axis current can force the operating
point to go below the knee point of the B-H curve and move
along the demagnetization line. The operating point will reach
a certain point on the demagnetization line (e.g., Q1) according
to the negative d-axis current value, and it will move along a
recoil line to a new point on the load line (e.g., P1) when the
injected current is removed. The remagnetization process can be
analyzed similarly, such as from P; through Qs to Ps.

C. Prototype of the Studied HMC-VFMM

The prototype of the studied HMC-VFMM is exhibited in
Fig. 4. The main parameters are tabulated in Table I Note that
an incremental encoder with 2500 lines has been integrated into
the machine casing for sampling the rotor position. The electro-
magnetic parameters, namely PM flux and dg-axis inductances,
will be detailed in Section III.
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TABLE I
MAIN PARAMETERS OF THE STUDIED VFMM
Symbol Quantity Value
Vie dc-link voltage 100V
Py Rated power 500 W
ny Rated speed 800 r/min
n, Pole pairs 2
Iy Rated current 75 A
R Stator resistance 1.3Q
TABLE II
SECTOR DETERMINATION
Order of cost function values Sector
g <g(Vs) < g(Vs) I
g(V3) <g(N) <g(Vs) II
g(V3) <g(Vs) <g(V) 11
g(Vs) <g(V3) <g(M) v
g(Vs) <g(N) <g(Vs) A
g <g(Vs) <g(Vs) VI

III. MEASUREMENT OF ELECTROMAGNETIC PARAMETERS

This section expatiates the simple measuring procedure for
electromagnetic parameters of the studied HMC-VFMM, in-
cluding PM flux and dg-axis inductances.

A. Measurements of PM Flux and d-Axis Inductance

The PM flux and d-axis inductance are tested based on the
voltage injection method [21]. During this test, the machine rotor
should be locked at a known position to inject the d-axis voltage.
For the sake of simplification, a small positive current (2 A used
in experiments) is injected into the winding of a-phase to align
the d-axis of the rotor with the a-axis, by doing so, the rotor
position can be forced at 0°. Then, the rotor is locked by applying
a static load, which is provided by a magnetic powder brake.
In this way, the positive/negative d-axis voltage can be easily
generated by fully turning on the upper/bottom switch of the a-
phase and the bottom/upper switches of b and ¢ phases, without
needing a closed-loop control of the g-axis current. At the same
time, the dead-time effect of the inverter [32] can be avoided.

As the machine rotor is stationary, the d-axis flux can be
expressed by

Y = Yo + / (uqg — Rgiq) dt (D

where 1,4 is the d-axis flux, 1 is the dc offset value, which is
equal to the value of PM flux, and u4 and i ; are the d-axis voltage
and the d-axis current, respectively.

For instance, the experimental curves of u4 and i; during the
remagnetization operation with a +-30 A d-axis current injected
are presented in Fig. 5(a). It starts by injecting a +100 V d-axis
voltage to excite the current, and the voltage polarity reverses
when the current attains +30 A. The voltage keeps till the current
backs to 0. According to the obtained data of u, and ig4, the
curve of d-axis flux during the remagnetization process can
be obtained, as given in Fig. 5(b). It shows that an increase
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of the d-axis flux occurs after the current injection, which is
exactly the increment of PM flux because it is increasing and
constant during the excitation and recovery stages of the d-axis
current, respectively. This lays the foundation of the PM flux
measurement.

To measure the change curve of the PM flux, a large negative
d-axis current pulse is injected to sufficiently demagnetize the
machine at first, and the back EMF in this condition is tested
to determine the initial PM flux. Then, a positive d-axis current
pulse with a peak value of 5 A is injected. By integrating the
recorded data of uy4 and i4, the increment of PM flux can be
calculated. The peak value is increased by 5 A each time, and
the integration operation is repeated until the increment of PM
flux shows a tendency to converge. The peak value of the pulse
is up to 50 A and the remagnetization characteristic is described
in Fig. 6 by using the orange line. Similarly, the demagnetiza-
tion characteristic can be acquired by injecting negative d-axis
current pulses. The peak value of pulse is up to 50 A as well and
the demagnetization characteristic curve is shown in Fig. 6 by
using the dark blue line.

From Fig. 6, it can be observed that the increase of PM flux is
not significant when the current peak value is higher than 4+-30 A.
Injecting a +-50 A current pulse merely leads to about 3% rate of
increase in the PM flux, with respect to the value corresponding
to +30 A. By making a tradeoff between the maximum current
and PM flux adjusting range, +30 A (four times the rated current
value) is selected as the upper limit value of d-axis current. The
corresponding maximum PM flux is about 0.259 Wb, which is
called magnetization state one (MS1). Similarly, the lower limit
of d-axis current is set to —30 A to achieve a minimum PM flux
of 0.138 Wb, called MS2.
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Based on the results of PM flux, the d-axis inductance can be
easily obtained. Comparatively, this test is relatively effortless.
Note that the test of d-axis inductance should be conducted
considering the effective range of d-axis current (from —30 to
+30 A). Thus, before the test a —30 A d-axis current is injected
to set the machine at MS2. Then, a +30 A d-axis current is
injected to obtain the corresponding data of u 4 and i ; during the
remagnetization process from MS2 to MS1, following which,
a —30 A d-axis current is imposed for the demagnetization
operation. Calculating the d-axis flux and extracting the PM
flux from it, the d-axis flux due to stator excitation (i.e., ¥ sq =
Lgig) can be acquired, and the relationship between the d-axis
inductance and d-axis current can be then calculated, as provided
in Fig. 7.

B. Measurement of q-Axis Inductance

Utilizing the voltage injection method to measure the g-axis
inductance needs a closed-loop control for the d-axis current
and a large static load to lock the machine rotor. Fortunately,
different from the d-axis current, the g-axis component is nor-
mally smaller than the rated value (7.5 A). As a consequence,
it is feasible to obtain the g-axis inductance online. This work
adopts a flux observer to measure the g-axis inductance.

The adopted flux observer is based on the well-known voltage
model in the a5 frame as

{wa = [ (ua — Ryig) dt

Vs = [ (usg — Rsip)dt @

where 1, and g are the a/3-axis fluxes, u, and ug are the
a3-axis voltages, and i, and ig are the o3-axis currents.

A significant issue using the voltage model is the existence
of dc offsets. Considering that the integrated variables are sinu-
soidal, a second-order generalized integrator (SOGI) is a good
choice to deal with both low and high-frequency components
(e.g., dc offsets and sampling harmonics). The transfer function
of SOGI is

kwos

G50018) = 7 s T ?

3)

where k is a tunable coefficient, and wg = 27fy (fo is the center
frequency) should be equal to the electric angular velocity we.
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The filtered «5-axis fluxes are then transferred to dg-axis
components, which is

G o
[zz] U [ SO0GIY ]

Gsocr¥s )

where 1, is the g-axis flux and T,/ 44 is the transformation
from the a3 frame to the dg frame.

In theory, SOGI does not cause any phase lag of the filtered
signal. However, due to the limited sampling frequency in digital
implementation, there always exists a nonnegligible phase lag in
the output. Thus, a modification of the obtained dg-axis fluxes
should be taken into account. Under iy = O operation, it is true
that 14 is equal to ¢ py. Thus, the actual 1), can be corrected by

¢qc = \/¢§+1/J3 _"/}%M (5)
where )4 is the corrected g-axis flux.
Finally, the g-axis inductance can be obtained by using
Vge
L,=-% (6)
tq

In experiments, the studied VFMM rotates at 500 r/min, and
the load varies in the range from O to the rated value. The
relationship between the g-axis inductance and g-axis current
is described in Fig. 8.

IV. PROPOSED FS-MPCC

The aforementioned electromagnetic parameters are stored
in LUTs and online utilized in the proposed FS-MPCC, to
enhance the robustness. This section explains the other improve-
ments in the proposed control method, including an improved
mathematical model considering the induced voltage caused
by the rapidly changed PM flux and an effective three-layer
optimization strategy to deal with an extended control set using
less computational burden.

A. Improved Mathematical Model

The mathematical model of the HMC-VFMM is nearly the
same as for a traditional PMSM. In the dg-frame, the voltage
equation can be expressed by

P R b B Pl Il T
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with

Ya| _ |Vsal|  (Yem|_ [La O] [ia|, |¥pm

ol b A A S e
where u, is the g-axis voltage, and v, is the g-axis flux due to
stator excitation.

For a traditional PMSM, the PM flux ¥py is deemed as a
constant, so that dv 4/dt = di) s4/dt. Differently, the PM flux of
VEMM rapidly changes during flux-regulation processes. This
means the term dvypy/dt (namely the induced voltage resulting
from the change of PM flux) cannot be neglected. Thus, a
modified model is proposed in [20] by introducing the induced
voltage into the d-axis equation as

. di .
ug = Rig + Ld—d — weLgiq + upm

dt ©)

where

oy & Wpm_ d¥pm dia
M At dig odt

In [20], the data of dyp\/di,; are obtained by the FE method
and stored in LUTSs, which needs a lot of effort for the data
acquisition. In this article, the term dipyi/dig is defined as an
equivalent inductance, dubbed as Lpys, since in this form it
is highly akin to the definition of inductance. The improved
mathematical model can be expressed by a state-space equation
as

(10)

& =Ax+ Bu+C (11)
with
. .qT T
xr = [zd zq] , U= [ud uq] (12)
o R, welLyg
A= [ ] 0
L'l L'l
_1 9 0
B= |t |, C= ey (14)
L, L,

In the normal operation, the equivalent inductance Lpy; is
surely equal to 0. During the flux-regulation processes, Lpys is
dependent on i4. Taking the demagnetization operation from
MS1 to MS2 as an example, the whole process takes three
stages, as illustrated in Fig. 9. In the maintenance stage, the
PM flux keeps because the current amplitude is lower than the
threshold (about 8 A as shown in Fig. 5). Thereafter, in the
regulation stage, the PM flux linearly decreases with the reduced
current, until the current reaches the desired value. Finally, in
the recovery stage, the PM flux can stabilize at the desired value.
What can be noticed is that the term dvpyi/di is obvious only
for the regulation stage, and it is approximately linear. Therefore,
the equivalent inductance can be assumed to be a constant during
the regulation stage and is considered as O for the other two
stages. This constant can be solved by

tgt pre
PM — ¥PM

Lpm = D ts (15)
tg =
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where 1py '€ and 1hp)\ P are the targeted and present PM flux
values, respectively, and i4” and i, are the peak and threshold
values of the d-axis current, respectively.

Regarding the demagnetization operation, the equivalent in-
ductance is about 4.23 mH. As for the remagnetization operation
from MS2 to MS1, it is about 3.65 mH.

B. Prediction Model and Cost Function

To implement FS-MPCC, the following three steps are nor-
mally designed:

1) forecasting the dg-axis currents to the next sampling pe-
riod using a prediction model, for each voltage vector,
namely V; € v = {V,, Vy, ..., V7 } foratwo-level inverter
[311;

2) assessing the predicted currents of different voltage vec-
tors by a cost function; and

3) choosing the optimal option with the aid of an optimization
strategy.

The prediction model and the cost function are crucial for
this method. The prediction model is the discretized form of the
mathematical model (11), and according to the forward Euler
equation it can be deduced as

x (k+1|V;) =eTsAz (k) + T, [Bu (k|V;) + C]
~ (1+TsA)x (k) + T, [Bu (k|V;) + C|

where T is the sampling period; k and k+1 denote the kth and
the (k+1)th sampling periods, respectively.

Considering the one-beat delay compensation [32] for digital
implementation, the dg-axis currents at (k+2)th sampling period
can be calculated by

=(1+TA)z (k+1|VE,) + T, [Bu(k+1|V;) + C]
)
where x(k-+1|V¥ () is the predicted value of x considering the
optimal voltage vector in the last sampling period (i.e., V¥,pt).
The cost function is always defined as the 2-norm of the
tracking errors of dg-axis currents as

16)

g(Vy) = |2 —z (k+2[V))[ (18)

where x'f = [/, iqref]T is the reference. Following this, the
optimal choice V,p can be easily determined by using the
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Fig. 10.

Construction of virtual vectors in Sector I.

enumeration strategy as

Vopt = arg ming (V) (19)

V,ev

C. Extension of Control Set

Synthesizing basic voltage vectors to construct virtual vectors
is a very commonly used way to extend the control set, also
known as discrete space vector modulation [33], which is also
applied here. According to the principle of vector addition, it is
true that two vectors, such as V; and Vs, can be synthesized to
yield any vector located at the line between their vertices. For
instance, V1.1 and V7.1 shown in Fig. 10 can be obtained by

1 1
Viia=zVi+-V, (20)
2 2
1 1 3 1
V17271:§V1+§V17171:ZV1+ZV2 2D

Other vectors in Fig. 10 can be obtained similarly. A generic
expression for vector V;_,,_,, is

2™ — (2n—1) 2n—1

2771 2m
where “j” refers to the sector, which determines the two funda-
mental vectors for the synthetization. “m” shows the iteration
steps and “n” defines the order.

It should be mentioned that the illustration in Fig. 10 ends
at m = 3, whereas the synthetization of vectors is actually an
iteration process and can be implemented endlessly. However,
the computational burden would be unaffordable if m is too
large. For the sake of an affordable computational burden, the
maximum iteration step is set as 5 in practice. In this way, the
number of virtual vectors in each sector can be increased up to
31 (2°-1), and hence the total number of options can be extended
from 7 to 193.

Vicm-n= V+ Viai (22

D. Three-Layer Optimization Strategy

In the traditional FS-MPCC, the optimal vector within the
control set is selected by using the enumeration strategy. That
is, the prediction model and the cost function are calculated
for all options, and then the optimal choice is obtained by
comparing the cost function values. However, it will be exactly
impracticable due to an unaffordable computational burden if
the extended control set with 193 options is considered. In terms
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Sector |

(a) (b)

Fig. 11.  Principle of the proposed three-layer optimization strategy. (a) Sector
determination. (b) Targeted range decision.

of this issue, a three-layer optimization strategy is proposed to
replace the inefficient one.

To elaborate the principle of the proposed strategy, the DB
vector that makes the cost function (18) equal to zero is high-
lighted, termed Vygy,. The goal is to find the vector closest to Vi,
from the extended control set. The following analyses are also
based on m = 3, for the sake of a clear presentation. In addition,
the DB vector Vg, locating at Sector I and lying between Vi o4
and Vi3 is taken into account for explanation, as seen in
Fig. 11(a).

The first layer is to determine the sector. It is confirmed that
as for the exampled case in Fig. 11(a), V7 is optimal within
the set {V1, Vs, ..., Vs }, which means the cost function value
g(V1) is smallest. The cost function values rank in the order
of g(V1)-8(V2)-8(Vs)-g(V3)-g(V5)-8(Va). If Vap is closer to
V5 than V7, the order will be g(V2)-g(V1)-g(Vi)-g(V3)-g(Vs)-
g(V,). Similarly, considering the cases that V g}, locates at Sector
VI, the sort should be g(V1)-g(Ve)-g(V5)-g(V2)-g(V4)-g(Vs3) or
8(V)-g(V1)-g(V5)-g(V2)-g(Va)-g(V). The sort in other man-
ners can be determined in the same way. It can be concluded
that the sequence of g(V1), g(Vs), and g(V5) is dependent on
the sector to be determined, as presented in Table II. Only
three vectors need to be calculated in the first layer for sector
determination.

The second layer is to determine the targeted range, where
only two options are contained [e.g., the range tagged with
(Vi.3.2, Vi.1.1), as shown in Fig. 11(b)]. According to (22),
each sector is evenly split into several portions by the virtual
vectors. Of the two large ranges in Sector I, (Vy, Vi.1.1) and
(Vi.1.1, Va), the DB vector Vg, surely lies in (Vi, Vi.1.1),
which can be validated by g(V1) < = g(V2). Then, comparing
g(V1.1.1) and g(V) can further verify the range (Vi.2.1, V1.1.1)
embracing V. Finally, the targeted range can be narrowed
down to (V1.3.2, V1.1.1) according to the comparison between
g(Vi2.1) and g(Vi.1.1). It is worth noting that each division
requires only one calculation of the cost function. Such as, to
acquire (V1, Vi_1.1), g(V2) should be calculated and compared
with g(V7) that has been known in the first layer. In summary,
the number of vectors considered in the second layer is 3, which
accords to the iteration step m.

The third layer is to confirm the superior option between
V132 and Vi.1.1. To this end, g(Vi.3.2) should be obtained
and compared with g(V_;_1). Finally, the optimal option termed
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? Measure i, 0,, and N, I Xalculate &), g(V3) and g(Vs) to
7 determine the sector, see Table II
? Calculate 6., . and iy, I . v
7 Determine the targeted range, refer
) . . Fig 11
? Obtain 7, using flux regulator I 0 1g+ ®)

’ Select the optimal vector V,,,, I

’ Obtain i, using speed controller

4)

v
‘ Allocate the duty-cycles of V,,,

v
Update L, L, and y/p, I and V,,,, using (23)

v
Activate Lp, for flux-regulation I— @ Generate PWM signals I

Fig. 12. Implementation flowchart of the proposed FS-MPCC.

Vopt can be determined. Overall, considering the case m = 3 and
omitting the zero vector (i.e., the number of options is 48), only
7 cost function values are needed to accomplish the optimizing
process. If m = 5, only 9 cost function values are required. In
this way, the computational burden can be extremely alleviated.

E. Insertion of Zero Vector

As for FS-MPCC methods, the steady-state performance im-
provement by applying multivectors has been widely studied.
In this article, the zero vector (Vy) is used together with the
nonzero one (V) selected by the proposed three-layer opti-
mization strategy. In this manner, a new issue is to allocate the
durations of two vectors, which can be effectively addressed by
the low-computation duty-cycle calculation algorithm [28]. The
duty-cycle calculation is transformed into an optimization prob-
lem and can be solved by the well-known Lagrange multiplier
method. By this algorithm, the duty cycles of V,,; and Vj can
be calculated as

dovt = 573 5577m)
o g 0)Tg opt
d — g(Vopt) (23)

07 9V T9(Vopr)

where dop¢ and dy are the duty cycles of V¢ and Vo,
respectively.

F. Implementation of the Proposed FS-MPCC

The implementation of the proposed FS-MPCC method is
summarized in a flowchart and a control diagram, as shown in
Figs. 12 and 13, respectively. The following six steps are required
to be executed.

Step 1: Sample the information of stator currents (i, i, and
i.) and rotor mechanical angle (6,,) and speed (V).

Step 2: Calculate the electrical angle (6.) and electrical angu-
lar velocity (w.), and compute the dg-axis currents (i and i,)
using Park’s transformation.

Step 3: Obtain the dg-axis current references (i4" and i,") by
the flux regulator and the outer speed controller.

Step 4: Update the electromagnetic parameters (Lg, L,, and
1pm) according to LUTS, and activate the equivalent inductance
(Lpnr) during flux-regulation processes.
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TABLE III
TESTED METHODS

Optimization

Method Control set Parameters strategy
method #1 original fixed enumeration
method #2 extended, m =3 measured three-layer
method #3 extended, m =5 measured three-layer

Step 5: Select the optimal vector V¢ by the proposed three-
layer optimization strategy, and allocate the duty cycles by using
(23).

Step 6: Transform the duty cycles of vectors to PWM signals
for three-phase legs of the inverter.

V. EXPERIMENTAL VERIFICATION

An experimental test rig is established to verify the effective-
ness of the proposed FS-MPCC, as shown in Fig. 14. The load
is provided by a magnetic powder brake, which is mechanically
coupled with the tested HMC-VFMM. The tested machine
is driven by a customized voltage source inverter consisting
of three FF300R12ME4 modules (Infineon). An adjustable dc
power supply (100 V/10 A) is in the dc-link and connects with an
electrolytic capacitor (450 V/4700 uF) in parallel. The capacitor
is indispensable to compensate for the deficiency in terms of
the maximum output current of the dc power supply, as the
peak value of the d-axis current can be up to 30 A during
flux-regulation operations. Furthermore, the stator currents and
the dc-link voltage are sampled by three current sensors HAS
50-S (LEM) and a voltage sensor LV25-P (LEM), respectively.
The rotor position is sampled by the integrated encoder. All
sensed signals are handled by operational amplifier-based ad-
justing circuits and then fed into a digital signal processor (DSP)
TMS320F28335 (TI). The real-time programs are developed in
C language on the TI official software Code Composer Studio
7.4.0.

Three control methods are conducted for performance com-
parison, as presented in Table III. The traditional FS-MPCC
is termed method #1, which takes fixed dg-axis inductances
(Lq = 20 mH and L, = 39 mH) and the original control set
(i.e., v = {Vy, V1, ..., Vz}). In addition, two versions of the
proposed method are carried out, called method #2 and method
#3, which are with m = 3 and m = 5, respectively. For all tested
methods, both the sampling frequency and the control frequency
are set to 10 kHz, namely the sampling period 7's = 100 pus.

A. Steady-State Performance

The steady-state performance is tested under a speed com-
mand of 300 revolutions per minute (r/min) with a 5 N-m load.
The curves of stator current of phase-A (i,) and dg-axis currents
(ig and i) and the results of stator current total harmonic distor-
tion (THD) obtained by fast Fourier transformation are provided
in Fig. 15. What can be observed is that the stator current can
be regulated to be sinusoidal by all three methods. Compared
to method #1, the ripples of dg-axis currents can be effectively
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reduced by using methods #2 and #3. The improvement is more
visible for method #3 due to the increase of the iteration step m.
From the THD results, the differences in terms of two aspects
can be observed. On the one hand, the low-frequency harmonics
in the spectrum are in particular significant for method #1, while
they are highly suppressed in methods #2 and #3. On the other
hand, the content of harmonics around the switching frequency
is more pronounced for methods #2 and #3. This means that
the inverter can operate more regularly by the proposed method,
which is advantageous to noise rejection. It is worth noting that
the small switching-frequency harmonic content for method #1
is because of the dead-time effect of the inverter.

The stator current THDs under different load conditions are
attested in a manner where the machine rotates at 300 r/min, as
given in Fig. 16. The load torque is adjusted from 0 to 6 N-m (0
to 1 p.u.). Notice that due to the friction, the current is not zero
when the load is disabled. As seen, in the whole load torque
range, the performance of method #1 is at the bottom while
method #3 ranks first. The difference narrows down as the load
torque increases. The THD results of the three methods in the
load torque range from 0.5 to 1 p.u. are zoomed in. As observed,
the performance of methods #2 and #3 is very similar to each
other, and both of them are superior to method #1 significantly.

B. Dynamic Performance

In terms of dynamic performance, the flux-regulation opera-
tions are considered. The d-axis current reference is given in a
step-change manner. The remagnetization operation from MS2

to MS1 is conducted under a speed command of 300 r/min
with a 5 N-m load (namely a low-speed heavy-load condition).
The results are given in Fig. 17. As seen, all three methods
perform well in terms of dynamic response. Comparatively, as
the induced voltage term is not considered in method #1, a small
overshoot is resulted. The current can be controlled precisely
without any overshoot in methods #2 and #3.

The demagnetization operation from MS1 to MS2 is carried
out under a speed command of 600 r/min with a2 N-mload (i.e.,
a high-speed light-load condition). The results are presented in
Fig. 18. Also, the overshoot is only seen in method #1. The
response processes of the three methods are basically similar. It
should be noted that the demagnetization operations take longer
time than the remagnetization operations. This difference can be
explained by the characteristic of d-axis inductance, as shown in
Fig. 7. In summary, the results in relation to flux regulation show
the effectiveness of the improved model considering the induced
voltage proposed in Section III-A. Meanwhile, the proposed
FS-MPCC method takes a similar dynamic performance to the
traditional FS-MPCC.

C. Robustness Verification

From Fig. 8, it is observed that the g-axis inductance changes
within the range from 30 to 39 mH, according to the g-axis
current value. Noting this, the g-axis current ripples of the three
methods are measured under different load conditions with a
speed command of 300 r/min, to compare the robustness. The
results are shown in Fig. 19, where 1 p.u. also corresponds to
6 N-m. As described, the g-axis current ripple for method #2
is almost unchanged with the working condition, as well as for
method #3, which is because LUTs are used to update the g-axis
inductance. Differently, the g-axis current ripple for method #1
severely increases with the load. Actually, the magnetic circuit
saturation effect under heavy load conditions leads to a smaller
g-axis inductance. As such, the g-axis current is predicted in a
seriously wrong manner, leading to a larger current ripple.

D. Computational Burden Comparison

Finally, the computational burdens of the three methods are
measured and compared. Considering the control frequency of
10 kHz, there are 15000 clock cycles available for each control
period, as the DSP TMS320F28335 has the main frequency of
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The execution time of the optimization strategies used in five
methods accounts for 32.85%, 48.01%, 50.74%, 64.36%, and
92.98% of the total execution time, respectively. In cases of
m = 3 and m = 5, the extended control set is with 24 and 192
options, respectively, and the execution time to select the best
by the enumeration strategy is up to 43.67 us and 320.34 us,
which is exactly unacceptable. With the proposed three-layer
optimization strategy, the execution time of optimization can be
reduced by about 48.87% and about 92.22%, respectively. This
indicates that the proposed three-layer optimization strategy is
highly efficient over the enumeration strategy.

VI. CONCLUSION

In this article, a systematic study of applying FS-MPCC
to VEMM drives is presented. A simple measuring procedure
of electromagnetic parameters is designed. On this founda-
tion, a novel three-layer optimization strategy-based FS-MPCC
method with enhanced robustness and improved steady-state
performance is proposed, which is verified by comprehensive
experiments. The results show the advantages of the proposed
method, as follows.

1) The proposed FS-MPCC is with better steady-state per-
formance compared to the traditional one. Not only the
low-frequency harmonics can be suppressed, but also the
switching frequency-related harmonics are more visible.

2) The dynamic performance of the proposed FS-MPCC is
comparable to the traditional one. Meanwhile, due to the
consideration of induced voltage, the proposed method
can well regulate the d-axis current during flux-regulation
processes, without any overshoot.

3) The proposed FS-MPCC has better robustness than the
traditional one since LUTs are used to update the electro-
magnetic parameters. The performance of the proposed
method is almost unchanged with the working conditions.

4) The proposed three-layer optimization strategy is highly
efficient over the enumeration strategy. Moreover, the
reduction of computational burden is becoming more con-
spicuous with the increase of iteration step.
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