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Abstract

Conventional finite control set model predictive control (FCS-MPC) for permanent magnet
synchronous motor (PMSM) drives suffers from a fundamental trade-off: shortening the
control period improves current tracking but increases switching frequency and losses. This
paper proposes a hysteresis-based variable control period MPC (HBVCP-MPC) to break this
compromise. Unlike methods like direct torque control (DTC) and model predictive direct
torque control (MPDTC) that use hysteresis to select voltage vectors (VV), our approach
first selects the optimal VV via a cost function that balances current tracking accuracy
and switching frequency. Hysteresis on the dg-axis currents is then employed solely to
dynamically determine the application time of this pre-selected VV, which defines the
variable control period. This grants continuous adjustment over the VV duration, enabling
superior current tracking without a proportional rise in switching frequency. Experimental
results confirm that the proposed method achieves enhanced steady-state performance at a
comparable switching frequency.

Keywords: variable control period; model predictive current control (MPCC); permanent
magnet synchronous motor (PMSM); current hysteresis

1. Introduction

Permanent magnet synchronous motors (PMSMs) are widely applied in industrial
fields such as high-performance servo systems, electric vehicles, and wind power, due to
their advantages of simple structure, high power density and high efficiency [1]. Mean-
while, the model predictive control (MPC) technique combined with the PMSM drive
system has a certain potential for practical applications, and it has been extensively
investigated [2,3]. Based on the waveform generation of the inverter, MPC applied to
PMSM can be categorized into two types: modulated and non-modulated [4,5]. A consider-
able amount of modulated MPC strategies have been proposed to promote the performance
of the PMSM system [6-9]. Meanwhile, the elimination of the modulation stage is becoming
more and more attractive in recent years [10-14], and finite control set (FCS) MPC falls
within this category.

In traditional FCS-MPC, a finite set of voltage vectors (VVs) are constructed based on
the inverter’s switching states. At a fixed control frequency, the optimal VV is selected from
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this set and held for the entire control period. The removal of the intermediate modulation
offers greater flexibility to tackle multiobjective control problems and provides a framework
in which multiphase or multilevel control systems are more easily designed [11]. However,
FCS-MPC faces the issue of variable switching frequency. And a more significant challenge
of FCS-MPC is its large fluctuations in current and torque [15]. Since the VVs are discrete
and are applied for fixed durations, fluctuations in current and torque are inevitable
during reference tracking [16,17]. An increase in control frequency can help reduce these
fluctuations, which also implies higher switching frequencies and losses. Moreover, the
upper limit of the switching frequency is constrained by the switching devices, and a higher
switching frequency also compresses the available calculation time.

To suppress current fluctuation and improve steady-state performance, the multivector
MPC method has been introduced in [18-21]. Once the optimal VV is determined, it is
combined with the adjacent vector by calculating the duty cycle, which allocates the time
proportion of each vector within a control period. Another approach to reduce fluctuations
is to expand the number of the candidate VVs. This can be achieved by incorporating
predefined virtual vectors into the control set, as presented in [10,22]. Virtual vectors are
essentially averaged VVs generated by combining multiple switching states. This method
synthesizes the desired VV by combining the discrete VVs within a fixed period, allowing
the current or torque to more precisely track the reference target by the end. However, it is
clear that both of these approaches result in an increased number of VV transitions.

To mitigate fluctuations without increasing switching frequency, a variable switching
point (VSP)-based predictive torque control strategy is introduced in [23,24]. This method
enforces a single voltage switching event per control cycle while liberating the switching
instant from conventional end-of-cycle constraints; extra flexibility in bridging the tail
vector and head vector reduces the torque tracking error at the termination of the control
period. Additionally, a variable action period (VAP) technology in FCS-MPC is proposed
in [25,26], where the selection of the optimal VV is no longer based on tracking the reference
target at fixed time intervals. And the action period of the selected VV is regulated to
achieve the closest trajectory to the lead-pursuit direction. The implementation of VSP
and VAP technologies significantly enhances tracking accuracy at specific time points.
However, after transient alignment with reference targets, controlled variables inevitably
diverge progressively from the reference trajectory due to finite voltage resolution; then,
the overall operational behavior cannot be fully represented by the tracking performance
at some instants.

A model predictive direct torque control (MPDTC), utilizing online optimization of
switching sequences to keep the controlled variables in certain ranges while minimizing
the switching frequency of the inverter, is described in [27]. The number of time steps
is regulated for each VV in the switching sequence to maintain the predicted trajectories
of torque and flux within their hysteresis bounds [28]. Meanwhile, the length of a single
step should be well designed; as a rule of thumb, the sampling frequency f; should be
about two orders of magnitude higher than the switching frequency [14], to ensure a fine
granularity of switching (the ratio between the sampling frequency and the switching
frequency). For converters operating at high switching frequencies, more research effort
should be paid.

Inspired by the aforementioned works, a hysteresis-based variable control period
model predictive current control (HBVCP-MPCC) scheme is designed to regulate the
control period length of the optimal VV with a continuous adjustment range. The core
idea is to dynamically adjust the applying duration of the optimal VV, addressing the
classic trade-off between current fluctuations (improved by shorter periods) and switching
losses (improved by longer periods). The optimal VV can be determined based on the
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reference voltages with a light computational burden, and the control period of VVs is
dynamically regulated to keep the current within the hysteresis boundaries; moreover, the
quantitative relationships of hysteresis bound width, motor parameters, and the allowable
control period range are analyzed and validated.

The paper is organized as follows: Section 2 presents the PMSM system’s mathematical
model and discrete current prediction equations. Section 3 analyzes current fluctuations
in traditional FCS-MPCC and proposes a variable control period algorithm to minimize
fluctuations. Section 4 describes the implementation of HBVCP-MPCC, while Section 5
presents experimental results on a three-phase PMSM system. The conclusion is provided
at the end.

2. Mathematical Models of PMSM

The dynamical model of the PMSM in the synchronous rotating frame can be expressed

as follows:
L—d[ud — Rsig + weLyig]

1 ‘ , (1)
L—q[ul7 — Rsig — we (Laig + ¢m)],
where L; and L, are the g-axis inductance and d-axis inductance, R; is the per-phase stator
resistance, @, is the magnetic flux of the rotor, w, is the equivalent electrical angular
velocity, iy and i, represent the d-axis and g-axis stator currents, and u4 and u, are the d-axis
and g-axis stator voltages.

A surface-mounted PMSM (SPMSM) is used to implement and validate the proposed
method. Due to the approximately equal d-axis and g-axis inductances (i.e., Ly ~ Lg), they
are denoted uniformly as the per-phase stator inductance L; for simplicity. To facilitate
the subsequent discussion, complex vectors are adopted to represent electrical variables
with subscript dg. For example, the stator voltage is defined as u4, = u, + jug. Similarly,
iz, represents the stator current. So (1) is rewritten as

: 1 . .
lag = fs[udq — Rigg — jwePag), )

where ¢4, denotes the amplitude of magnet flux, expressed as

Pdq = Lsidq + Qm- 3)

A discrete current prediction can be derived using a first-order Taylor series expansion
with a sampling period T; as

i O+ 1) =iag6) + gy ()~ Ry () — Jeoepag ). @
Specifically, i4, (k) represents the measured current at the beginning of the kth period, while
ugq(k) denotes the voltage applied during this period. The predictive current at the end of
the period is given by qu (k+1).

And the predicted changing rate of dg-axis currents in the kth control period, denoted
as 14, (k), is defined as

gy () = - liag (k1) = iy () = -y ()~ Redag(0) — jworpy (0] )

Ls
In the subsequent analysis, it is assumed that 714, (k) remains constant during a single
control period when the inverter switching state is unchanged, as illustrated in [23]. And
this assumption holds under the following conditions:
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(1) Magnetic Saturation: Magnetic saturation is assumed to have negligible influence.
If the PMSM exhibits noticeable saturation, the model in (1) must be refined.

(2) Rotation Angle: The electrical rotational angle 8, is assumed constant during Ts.
However, at extreme high electrical speeds, this assumption may be violated. For instance,
at an electrical speed of 30,000 rpm, a sampling period Ts of 100 us would result in a change
of 0.17t rad to 6,.

(3) Time-Varying Parameters: The time constants of the non-linear time-varying
parameters, such as the electrical angular velocity we, stator resistance Rs, rotor magnetic
flux ¢, and stator phase inductance L, are significantly larger than the sampling period
Ts. Therefore, their variations do not appreciably affect the changing rate of current over a
control period.

3. Comparison of the Conventional FCS-MPCC and the
Proposed HBVCP-MPCC

3.1. Conventional FCS-MPCC

For a two-level three-phase voltage source inverter, six non-zero VVs (V1 ~ V6) and
two zero VVs (V0 and V7) can be generated. Each of these VVs, represented as u4,(k),
yields the corresponding predicted current qu (k+1) by (4), as illustrated in Figure 1. In
this figure, the round point 7} 4 Tepresents the current reference; assuming a constant rate of
current change, the red lines originating from the square point iz, (k) depict the possible
trajectories of current evolution, driven by the applied VVs.

When the conventional FCS-MPC is adopted to achieve current control for PMSMs,
the deadbeat method is usually applied, and it forces the prediction qu to approach the
reference i} g at the end of each period. For the example shown in Figure 1, The current
trajectory under V1 represented by a red solid line achieves the minimum tracking error
marked as the green line, and the suboptimal trajectories are represented by the red
dashed lines. Actually, due to the delay compensation in PMSM-driven systems, this V1 is
determined in the previous (k — 1)th period, allowing it to be applied at the beginning of
the kth period.

fth (k+1)|,

(k+D) e

iy
»

;dq (k+1) 5 :': iy (k+1) ‘VO&;""‘:?{
by (k4 1) |5
o
i, (kD)

Figure 1. Predicted stator current trajectory under FCS-MPCC during the kth interval.

In the kth period, the focus is to select out the optimal VV for the next period. To
this end, the predicted current qu(k +2) at the end of the (k + 1)th period should be
predicted by

g (k+2) =tgg(k+1) + L—z[udq(k + 1) — Rstgg(k+ 1) — jwe@aq(k +1)]. (6)

As illustrated in Figure 2, the predicted current reaches the square point qu (k+1) at the
end of the kth period, and the blue-dashed circle is used to indicate the fluctuation range of
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the current. Subsequently, all possible VVs yield seven distinct predictions for qu (k+2). A
cost function quantifying the tracking error for each candidate VV is then constructed as

e 2
8§ = |igg — 1ag(k+2)|. (7)
. Ty (k+2),
Ly (e + 1), 4
Wkt d
i (kK +2) |y
-
PN
i (K +2) g,
R ¥ H X
i (k+2) |5 e
;dq(k+2)‘1r’5 VIV VIS VIS V0—->V1i->P2
o
iy (K+2) |4

Figure 2. Predicted stator current trajectory under FCS-MPCC.

For the state shown in Figure 2, the prediction corresponding to the zero VV minimizes
g in (7), indicating the smallest tracking error. Consequently, the zero VV is selected as the
optimal VV for the (k + 1)th control period. Figure 2 also presents the current trajectories
resulting from recursively applying this prediction method over a long prediction horizon.
For convenience in expression, the minor changes in current gradients between adjacent
control periods are neglected in Figures 1 and 2.

It is clear that the steady-state performance can be improved by adopting a reduced
Ts. However, this results in a higher switching frequency and increased switching losses.

3.2. Proposed HBVCP-MPCC

In conventional FCS-MPCC, the optimal VV is selected based on the tracking
error between the predicted current qu and its reference at fixed sampling instants
(i.e., kTs, (k + 1) Ts), with switching of the VVs also occurring at these points. As a re-
sult, the application duration for VVs is limited to T or its integer multiples. Under these
constraints, FCS-MPCC ensures tracking of the reference; however, it may lead to larger
current fluctuations over the entire control process.

Figure 3 illustrates how the proposed HBVCP-MPCC reduces current fluctuations
in the g-axis over several consecutive control periods. As demonstrated in the case of
HBVCP-MPCC, the VV remains unchanged as long as the currents (both the d-axis and
g-axis currents) stay within their defined hysteresis width 2h. And the switching sequence
employed by HBVCP-MPCC is similar to that of FCS-MPCC, with the main difference
being the shift in the switching points. It implies that the switching frequencies of both
methods are approximately the same; however, HBVCP-MPCC achieves a much smaller
range of current fluctuation. Figure 4 depicts the current trajectory under the proposed
HBVCP method. By adjusting the action duration of the VVs rather than fixing it to T; or its
integer multiples, the current trajectories can be flexibly constrained within the blue-dashed
circle, proving that the additional control freedom provided by variable control period
(VCP) is able to improve the reference tracking behavior without relying on increasing the
switching frequency.
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Figure 3. Current fluctuations under different control strategies.
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Figure 4. Predicted stator current trajectory with proposed HBVCP-MPCC.

4. Implementation of Predictive Current Control with Variable
Control Period

This section presents the implementation process of HBVCP-MPCC. Firstly, a cost
function considering the variation range of the reference voltage is utilized to select the
optimal VV. Subsequently, its application duration is adjusted by the current hysteresis,
allowing for variability in the control period. The control scheme of HBVCP-MPCC is
illustrated in Figure 5.

S, P71 Ss s, E}
. o “wto “kto .
Ude_—_ b c “, .
s, S, S,
“wto, Jﬂg JR}Qﬁ ln(k)lz;m lS(k)

Vth](zarlgSeet St+D I Lk Transform and
‘_fo‘f Delay Compensation |«
D

W) T Tk

Current Hysteresis
,, (k+1)

u;g (k+ 1)‘Tmi“ Inverse Park u;q (k+ 1)|Tmi“ Predict

Transform | R+ Dl

Cost Function

Figure 5. Block diagram of the proposed HBVCP-MPCC.

In the prediction process, the predicted duration of the optimal VV is configured as the
length of the next control period. To simplify the implementation process, a non-uniform
sampling method is employed to accommodate the variable control period length, with
the sampling interval synchronized to the variable control period. It means that sampling
occurs at the end of each control period. A typical example of the switching schematic
diagram is depicted in Figure 6. In the kth control period, the switching state S(k) of the
inverter is updated at the beginning, i.e., time ty; meanwhile, the phase currents and the
rotating position are sampled. S(k) remains active for the duration Ts(k) until time #;,
during which the inverter’s state S(k + 1) for the next control period is computed, along
with its corresponding duration period Ts(k + 1).
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Figure 6. VV switching with non-uniform sampling.

Although the length of each control period varies, only one VV is executed between
two sampling points, eliminating the need for complex duty cycle settings. The predicted
current at the (k + 1)th sampling point can be simply expressed as

» . Ts(k) . . 8
fag (1) = g () 1 gy () — e (k) — jeoepag K] ®
s
For clarity and to distinguish from the fixed sampling case, the duration of the kth control
period is denoted as T; (k) in the VCP method. Then the prediction process of 74, (k +2) in
(6) should also be rewritten as

Ts(k+1)

qu(k+2) :{dq<k+1)+ L.

[gg(k+ 1) = Reigg(k+ 1) — jweaqs(k+1)].  (9)

4.1. Width of Current Hysteresis and Range of Control Period

The range of the VCP is defined based on the fundamental parameters of the motor
and the control requirements. In the kth control period with a VCP of Ts(k), there exists a
reference voltage u . (k) that satisfies the following conditions:

. Ts(k) . . . .
iy =iag )+ = (06) — Ratig (K) — e (k). (10)
S
According to (8), the current tracking error Aig, (k) between qu(k +1) and izq can be
calculated by

gk 1) = 5 g 0 — ). ()

When the difference Au, (k) between ug,(k) and u} g (k) becomes smaller, Aig,(k + 1) will
also become smaller.

As illustrated in Figure 7, u}; q(k) is located in the vicinity of V5, indicating that V, is
selected as 14, (k). During the long-term operation of the motor, and assuming that there
is no significant over-modulation, the red arrow’s landing point indicates the possible
location of uj, (k). The u; q(k) that maximizes [Aug, (k)| is represented by the red solid line,
and the length of the corresponding green solid line can be used to calculate the maximum
|Audq (k) |r |A”dq (k) |max/ as
= % Uge, (12)

max 9

’Audq(k)
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where Uy, is DC link voltage in Figure 5, and the coefficient is derived from the equal-
amplitude Clark transformation. As for the u} g (k) falling near other VVs, the situation can
be the same, and the range of |Aiy, (k + 1)| under T;(k) can be confined by (11) and (12):

2V3, (13)

Aigs(k+1)| € [0, Ts (k) Uge)-
9Ls

1A (6)

QV

o

Figure 7. Reference voltage near V2.

Since T; (k) can be continuously adjusted within the VCP range, where the minimum
is Tin, | Nigq(k + 1)| can be further constrained within

2V/3

9L, < Dmin udC] (14)

[Aigg(k+1)| € [0,
When distance from the hysteresis center to the upper or lower boundary is set to h
according to the application requirement, it should be ensured that / cannot be exceeded
by the maximum of [Aiy,(k + 1)|. Meanwhile, T,;;, should be as large as possible to reduce
the switching frequency so that

2v3
9L, < LminUdc- (15)

Regarding the maximum control period length Ty, if it is too small, it will fail to

h=

effectively reduce the switching frequency. Conversely, if T}, is too large, the accuracy of
the predictive model may deteriorate. As described by (5), when the optimal VV results in
iy (k) = 0 and the measured current is near its reference i} ¢ the relative position between
the predicted current and i remains constant for an extended period. This conclusion,
however, is based on the assumption that the change in the motor’s rotational angle is
negligible. As illustrated in Figure 8, if T,y is long enough to allow for a significant
change in the rotation angle, the dg frame will undergo a substantial rotation relative to the
ap frame, to a new position, d'q’. Consequently, the reference current i} 0 defined in the
dg-axis, will also rotate accordingly. i} q’ in dg-axis can be obtained by applying a rotational
transformation to g s

i;ql — i;qe]'weTmax' (16)

The error between 7 . and i} q’ should first meet,

< h. (17)

k! %
ldq — qu

By substituting (15) and (16) into (17), the following is obtained:

We Tinax 2 \f (18)

/ je Tinax
l;q(l — e ) - 2 ) 9L, o LminUdc-

igq|sin(
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Generally, Ty can be initially estimated by (18) and then determined through
specific experiments.

A

iy (k+1) ],

B
iy

Figure 8. Change in the rotation angle.

4.2. Determination of Optimal VV

The optimal VV selection process becomes more complex with the application of VCP
technology. As demonstrated in Figure 9, when all VVs are applied over a time interval of
Tynin, the current trajectories under V1 and V6 remain within a circle centered at i} g with
radius h, indicating that both V1 and V6 are viable candidates for the optimal VV selection.
Then, a cost function g7 is formulated to find out the candidate vectors like V1 and V6:

&1 = |igg = lag(k+2)|1,, |, g1 <h, (19)

where 14, (k +2)|7,,, denotes the predicted current 14, (k + 2) in (9) with T;(k 4 1) euqal to
Tnin, and it is calculated by

tag(k+2)|r,,, =tag(k+1) + Zm [Ugq(k+1) — Rsigg(k +1) — jwe@ay(k +1)]. (20)

S

f,(k+2)

Ly (k+2)],s

«

i, (k+2)],,

Figure 9. Tracking errors between the current trajectories and the current reference under different

time scales.

For each discrete VV from VO to V7, the corresponding u,(k + 1) is used in (20)
to calculate a set of predicted currents, iz, (k + 2)|r,, . The optimal vector is then se-
lected based on these currents: if no predicted current satisfies the constraint in (19),
the VV corresponding to the predicted current that minimizes g is chosen; if only one
qu (k+2)|r,,, satisfies (19), its VV is selected directly; if multiple predictions meet (19), the
VV associated with the fewest switching operations is the optimal vector.
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In a three-phase two-level inverter, the optimal VV can be selected out via (19) with at
most 7 iterations. However, as the voltage levels increase, the required number of iterations
rises significantly. To simplify the above calculation process, a computationally efficient
method based on reference voltage is adopted. First, according to (10) and (20), the reference
voltage uj, that ensures qu(k +2)|r,,, fully tracks i} .- represented by u; q(k +1)|r,,,, can
be calculated as

Ls

g (k+1)|r,,, = T [ig — tag(k +1)] + Rslaq (k + 1) + jweaq (k +1). (21)

Meanwhile, based on (20), u,(k + 1) should meet
L 2~ ~ ~ . A
Ugg(k+1) = T—f[qu(k +2)I1,,;, — lag(k +1)] + Rsigg(k + 1) + jwePgg(k +1). (22)
min
Subtracting (21) with (22) yields

* L 303 -~
Uge(k+ 1)1, — ugg(k+1) = ﬁ[ldq — 149(k +2)|1,,,,]- (23)

According to the relationship in (15), (19) and (23), the candidate udq(k + 1) must satisfy

Lshzzﬁ

Uy (24)
Tmi n 9 de

uge(k+ 1)1, — uge(k+1)| <

In the a8 coordinate frame, (24) becomes more intuitive and clearer. With the inverse Park’s
transformation, uyg(k +1)|r,,, and usg(k + 1) are transformed from uj, (k +1)|r,,, and
ugq(k + 1), and they should also meet

23, (25)

ug(k + 1)1, — tap(k+1)| <

As illustrated in Figure 10, the candidate VVs can initially be identified based on the
sector in which u7 /S(k +1)|r,,, is located, specifically, V1, V6 and the zero VVs. The sector
containing u} B (k+1)|r,,, can be directly determined from the angle 6,4 in Figure 10. Sub-
sequently, the candidate VVs are further narrowed down to V1 and V6 by (25). Following
the previously described criteria, the VV that achieves the least switching operations will
finally be chosen as the optimal VV. This method can be extended to multilevel inverter
applications, and its computational complexity does not increase as the number of voltage
levels grows.

Figure 10. Evolution of the reference voltage over time.
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4.3. Regulation of Optimal Control Period

After the optimal VV is determined, its duration is regulated by the current hysteresis.
Although the hysteresis shape is circular in Figure 4, various additional hysteresis shapes
have also been investigated in [29-31]. For the computational convenience in practical im-
plementations, the shape is simplified to a rectangular form in the proposed HBVCP-MPCC.
Consequently, the current hysteresis can be divided into two independent components in
the d- and g-axis, as illustrated in Figure 11, with widths 2h; and 2k, based on (15). By (9),
the predicted changing rate of the current in the (k 4 1)th control period can be considered
constant and calculated by

ig(k+1) = Lid[ud(k 1) = Refa(k +1) + wepg (k +1)]
(26)

; 1 A .
titg(k+1) = I [ug(k+1) = Rstg(k +1) — wepa(k +1)],

q
where 1i1;(k + 1) and 1i5(k + 1) represent the changing rates of d- and g-axis currents
during that period. And even in surface-mounted PMSMs, the d- and g-axis inductances
differ slightly. To achieve more accurate and flexible control of the dg-axis currents, the
inductances in (26) are therefore denoted separately as L; and L.

Al v Al

Y
| N

; 2% i;-i—hq T —  — - p 157 : _17 : h,
» 6 * | Y0 pree===="
: JREN X l"_ 0 /63252:\_L
i R S 0 ' VA R » N e IS S o VI S = M
> T (k+1)setas T (k+1) Tmi:/_\‘—’/”f,(k"'l)
; o R —— > T
PATAL ksl 1, k2 >t 7| K fk+1 1, k2 >t

() (b)

Figure 11. Regulating the control period. (a) With current hysteresis in g-axis. (b) With current
hysteresis in d-axis.

Then, the regulated time when considering current in d-axis can be expressed as

i+ hg —ig(k+1)
gk + 1)

l; —hy — ;d(k+ 1)
gk +1)

Ty(k+1) = (27)

p ﬁ’ld(kJrl) < 0.

Similarly, T;(k 4 1) can be calculated by the g-axis hysteresis. And to ensure that these
two currents remain within their respective hysteresis, the regulated control period for the
optimal VV is given by

Ts(k+1) = min[T;(k+1), T,(k+1)]. (28)

5. Experimental Verification

A digital signal processor (DSP), TMS320F28335, is selected as the controller of the
PMSM drive system to implement the proposed HBVCP-MPCC method. And the detailed
setup of the experimental platform is presented in Figure 12. The dual PMSM coaxial
drivetrain consists of two PMSMs with similar power ratings. One motor serves as the
tested motor for evaluating the proposed control method, while the other works as a load
torque generator. Parameters of the tested motor are listed in Table 1.
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Ma—in— controller
TI DSP F28335

IPM PS21865

Load controiler
Maxsine EP100

Figure 12. Experiment platform of the PMSM drive system.

Table 1. Parameters of the tested PMSM.

Parameters Symbol Value
Rated Power Py 1.6 kW
Pole Pairs np 4
Inductance in Nameplate Ls 1.515mH
Tested Inductance in d-axis Ly 1.4115 mH
Tested Inductance in g-axis Ly 1.6313 mH
Stator Resistance R, 0.338 O)
Magnet Flux Amp. Pm 0.1105 Wb
Rated Speed nN 3000 rpm
Rated Torque TN 6 Nm
Rated Current In 8 A

It is noteworthy that, although this motor is surface-mounted with a stator inductance
Ls of 1.515 mH in the nameplate, the measurements reveal that the d- and g-axis inductances
are not identical, with L; and L; being 1.4115 mH and 1.6313 mH, respectively. Compared
to the nameplate value, the deviations are both within 7%. Given this slight discrepancy,
the conventional i; = 0 is maintained for Maximum Torque Per Ampere (MTPA) operation
to simplify the control strategy.

5.1. Steady-State Performance Comparison

To validate the ability of proposed HBVCP-MPCC in suppressing the current fluctua-
tions, steady-state comparisons are experimentally conducted between proposed method
and traditional FCS-MPCC.

Based on the DSP computation time and the switching frequency limitations of the
inverter, T,,;, is set to 40 us. When Uy, is set to 100 V, and in combination with the motor
parameters listed in Table 1, the corresponding values for 11; and 1, are 1.09 A and 0.94 A,
as given by (15), so the expected current fluctuation ranges in the d-axis and g-axis are
2.18 A and 1.88 A, respectively. Before the experiment begins, T};zx should be determined
firstly, and it can be set to a larger value initially, such as 5 to 10 times T;,;;,, according to (18)
and parameters in Table 1. Trial runs conducted at 1000 rpm reference speed and 2.25 Nm
load reveal that each vector’s control period is not longer than 4 times T},;,, according to
the ratios shown in Figure 13. It can also help to confirm the successful implementation
of VCP. Under other operating conditions, the distribution of VCP remains consistent
with Figure 13. Since there are no periods longer than 4 times T,,;;;, Tyax is set to 4T, in
the following experiments, i.e., 160 us. Interestingly, it is observed that when the motor
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operates in steady state, the average control period Tsyg remains around 80 us under
various operating conditions. Ty is given by

Toog = k_Zl T (k). 29)
U

50 ms/div

Figure 13. The ratio of each vector’s application duration to Ty,;,,.

For a reasonable comparison, the sampling period of FCS-MPCC needs to be appropri-
ately configured, and two values are, respectively, adopted in the FCS-MPCC experiment.
One of the sampling periods in FCS-MPCC is set to 76 ps, which is slightly smaller than the
Tyvg in the proposed HBVCP-MPCC. And with the setting of 76 us, the average switching
frequencies of these two schemes remain nearly the same across most of the operating
conditions, when the optimal VV of FCS-MPCC is simply determined by the cost function
(7). However, it does not allow for high granularity of switching in FCS-MPCC [14], and
it also means that the minimum allowable execution time for VVs differs between the
two methods. Therefore, under a sampling period of 40 us, additional experiments are
conducted with FCS-MPCC, and constraints on voltage transitions are imposed to reduce
its switching frequency to a level comparable to that of the proposed HBVCP-MPCC. Thus,
when FCS-MPCC is conducted with a 40 us sampling period, the cost function incorporates
both current error and switching actions as

82 = Mg, — lag(k+2)| + (1 = A)Nsw(k + 1), (30)

where Ny, denotes the number of switching actions required to transition between the VVs
in the kth and (k + 1)th control periods.

When the torque load is set to 2.25 Nm and the mechanical rotational speed remains
at 1000 rpm, both the HBVCP-MPCC and the FCS-MPCC (with a 76 pus sampling period)
exhibit comparable average switching frequencies of approximately 2 kHz. By adjusting
the parameter A in (30), the switching frequency of FCS-MPCC at a 40 us sampling period is
also brought close to this frequency. This approach will be adopted across all the operating
conditions to maintain the same switching frequencies for these three control schemes. The
corresponding experimental results, including phase A and C currents, dg-axis currents
and the FFT analysis results (with maximum calculation frequency of 3.3 kHz) of phase
A current, are presented in Figure 14. It can be observed that, although the switching
frequencies of FCS-MPCCs with sampling periods of 76 us and 40 us are adjusted to
be the same, higher granularity of switching with a 40 us sampling period significantly
improves the current fluctuations. Meanwhile, the fluctuation range of the proposed
algorithm in the d-axis current is 2.39 A and the g-axis current fluctuates by 2.03 A. The
measured values align with the predetermined hysteresis boundaries (2h; and 2k, of
2.18 A and 1.88 A, respectively), well within acceptable experimental error margins, which
validates the effectiveness of the proposed HBVCP-MPCC. Crucially, while maintaining
a comparable switching frequency, the proposed algorithm exhibits significantly smaller
current fluctuations and a lower THD compared to the other two FCS-MPCC strategies,
underscoring its superior performance efficiency.
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Figure 14. Steady-state waveforms of these control strategies with 100 V U, 1000 rpm reference
speed and 2.25 Nm load: g-axis current, d-axis current, phase A and phase C currents, and FFT
analysis results of phase A current. (a) FCS-MPCC with a 76 us sampling period. (b) FCS-MPCC
with a 40 ps sampling period. (c) HBVCP-MPCC.

To validate the impact of the DC bus voltage on the hysteresis bound and to compare
the performance of these algorithms under different operating conditions, DC bus voltage
Uy, is increased from 100 V to 180 V while maintaining the same speed of 1000 rpm and a
load of 2.25 Nm. According to (15), the values of 2h; and 2k, should also be 1.8 times, set
to 4.0 A and 3.4 A, respectively. The relevant experimental data is presented in Figure 15.
The data shown in the figure still demonstrates that the proposed method achieves the best
performance. And the fluctuation ranges of the dg-axis currents with HBVCP-MPCC are
4.18 A and 3.75 A, matching to the setting of current hysteresis.
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Figure 15. Steady-state waveforms of these control strategies with 180 V Uy, 1000 rpm reference
speed and 2.25 Nm load: g-axis current, d-axis current, phase A and phase C currents, and FFT
analysis results of phase A current. (a) FCS-MPCC with a 76 us sampling period. (b) FCS-MPCC
with a 40 ps sampling period. (c) HBVCP-MPCC.

To verify the effectiveness of the proposed method under conditions close to the rated
speed and rated load, the performance of the three methods is compared with a Uy, of
180V, a reference speed of 2500 rpm, and a load of 4.5 Nm. As shown in Figure 16, the
proposed method remains effective under high load and high speed conditions, with 4.45 A
and 3.91 A fluctuations in dg-axis currents, respectively. In comparison, under 180 V DC
bus voltage, 1000 rpm speed and 2.25 Nm load, the d-axis and g-axis current fluctuations
for the proposed method are 4.18 A and 3.75 A in Figure 15. This indicates that current
fluctuation ranges are less impacted by the changes in speed or load when FCS methods are
adopted; it is because they are more affected by the discrete VVs. The experimental results
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corresponding to Figures 14-16 are summarized in Table 2, where #n, is the mechanical
rotational speed, T; stands for the torque load, fs:, denotes the average switching frequency
per inverter leg, and R; and R, are the current fluctuation ranges in the dg-axis.
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Figure 16. Steady-state waveforms of these control strategies with 180 V Uy, 2500 rpm reference
speed and 4.5 Nm load: g-axis current, d-axis current, phase A and phase C currents, and FFT analysis
results of phase A current. (a) FCS-MPCC with a 76 us sampling period. (b) FCS-MPCC with a 40 ps
sampling period. (¢) HBVCP-MPCC.

Table 2. Steady-state experimental results with three schemes adopted under different conditions.

Scheme Uy (V) n.(xpm) T/Ty  fsw (kHz) R;(A) Ry (A) THD
FCS-MPCC (76 ps) 100 1000 37.5% 1.99 3.21 3.49 24.99%
FCS-MPCC (40 us) 100 1000 37.5% 1.98 2.79 3.23 21.44%

HBVCP-MPCC 100 1000 37.5% 2.01 2.03 2.39 15.66%
FCS-MPCC (76 ps) 180 1000 37.5% 2.05 5.75 6.04 46.67%
FCS-MPCC (40 ps) 180 1000 37.5% 2.05 4.62 5.12 43.31%

HBVCP-MPCC 180 1000 37.5% 2.09 3.75 4.18 35.24%
FCS-MPCC (76 us) 180 2500 75.0% 1.83 6.07 6.50 37.45%
FCS-MPCC (40 ps) 180 2500 75.0% 1.85 5.25 5.56 28.92%

HBVCP-MPCC 180 2500 75.0% 1.85 391 4.45 19.80%

Figure 17 briefly illustrates the steady-state operation with a 100 V DC bus voltage,
a speed of 500 rpm and two different loads of 2.25 Nm and 4.5 Nm. The corresponding
experimental results are demonstrated in Table 3. It can be observed that the HBVCP-MPCC
maintains superior current fluctuation, whereas the fluctuation ranges remain nearly the
same across different loads. Figure 18 presents the performance of these algorithms under
different DC bus voltages with a 4.5 Nm load and 1000 rpm reference speed, and the
experimental results are listed in Table 4. These results also validate the relationship in (15).
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Figure 17. Waveforms with two different load: 2.25 Nm torque load and 4.5 Nm torque load.
(a) FCS-MPCC with a 76 ps sampling period. (b) FCS-MPCC with a 40 ps sampling period.
(c) HBVCP-MPCC.
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Table 3. Steady-state experimental results under different loads (w; = 500 rpm, Uy, = 100 V).

Scheme T,/ TN fsw (kHz) R, (A) R4 (A)
FCS-MPCC (76 us) 37.5% 2.15 3.16 3.56
FCS-MPCC (40 us) 37.5% 217 2.66 3.18

HBVCP-MPCC 37.5% 2.13 1.97 241
FCS-MPCC (76 ps) 75.0% 221 3.19 3.58
FCS-MPCC (40 ps) 75.0% 2.23 2.74 3.23

HBVCP-MPCC 75.0% 2.27 2.04 2.37

B mmaris et Rt | e e | e
ST A SRt ARAAMAOAMANE= AR A AR
(a (b) (c)

Figure 18. Waveforms with two different DC bus voltages: 100 V U, and 180 V Uy,. (a) FCS-MPCC
with a 76 ps sampling period. (b) FCS-MPCC with a 40 ps sampling period. (c) HBVCP-MPCC.

Table 4. Steady-state experimental results under different dc bus voltages (w; = 1000 rpm, i; = 6 A).

Scheme Uy (V) fsw (kHz) R, (A) R4 (A)
FCS-MPCC (76 ys) 100 2.01 3.7 357
FCS-MPCC (40 us) 100 2.00 2.80 3.16

HBVCP-MPCC 100 2.03 2.13 2.52
FCS-MPCC (76 ps) 180 227 6.04 6.54
FCS-MPCC (40 ps) 180 223 471 5.42

HBVCP-MPCC 180 2.29 3.68 431

5.2. Dynamic Performance Comparison

The dynamic performance of the proposed method is evaluated under different sce-
narios. Under a 100 V DC bus voltage, the response to a speed reference step change
from 500 rpm to 1000 rpm is shown in Figure 19. Under a 250 V DC bus voltage at
2500 rpm, the response to a load torque step change from 1 Nm to 3 Nm is shown in
Figure 20. In both cases, the dynamic adjustment times are comparable across all strategies,
attributable to similar speed-loop controllers. A detailed comparison of the g-axis reference
current in Figure 21 further confirms that all three schemes achieve similar dynamic per-
formance. The key distinction lies in the current fluctuations: the conventional FCS-MPC
exhibits significant current fluctuations, whereas the proposed HBVCP-MPCC maintains
smoother currents.

Figure 22 depicts the experimental results when the outer speed loops of all methods
are disabled, and the reference of the current in the g-axis is stepped from 1.5 A to 6 A to
verify the dynamic performance of the current loops. In this scenario, the motor previously
used as a load is set to operate at a fixed speed, making the motor controlled by our
algorithm act as the load. The dynamic response capabilities of three schemes are almost
the same, and at least in these experiments, no significant differences are detected. However,
it can still be observed that the proposed algorithm exhibits the best current performance.
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Figure 19. Dynamic experimental waveforms of these control strategies when reference speed step
changes from 500 rpm to 1000 rpm: rotating speed, g-axis current, d-axis current, and phase A cur-
rent. (a) FCS-MPCC with a 76 us sampling period. (b) FCS-MPCC with a 40 pus sampling period.
(c) HBVCP-MPCC.
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Figure 20. Dynamic experimental waveforms of these control strategies when the torque load step
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changes from 1 Nm to 3 Nm: g-axis current, d-axis current, and phase A current. (a) FCS-MPCC with
a 76 us sampling period. (b) FCS-MPCC with a 40 us sampling period. (¢) HBVCP-MPCC.
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Figure 21. Referencecurrents in the g-axis during dynamic experimentation of these control strategies.
(a) Speed changes. (b) Torque changes.
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Figure 22. Dynamic experimental waveforms of these control strategies when the reference cur-
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rent in the g-axis step changes from 1.5 A to 6 A: g-axis current, d-axis current, and phase A cur-
rent. (a) FCS-MPCC with a 76 us sampling period. (b) FCS-MPCC with a 40 us sampling period.
(c) HBVCP-MPCC.

6. Conclusions

An HBVCP-MPCC method for PMSM drive is proposed in this paper. The digital
implementation of the proposed algorithm, including the optimal VV selection, VCP
regulation and setting of the current hysteresis width, is described in detail. Benefits from
the flexible control period, anticipated benefits in terms of suppressing current fluctuations
without increasing switching frequency, are verified with reasonable experiments.
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The stable operation of the proposed method under various operating conditions also
demonstrates that (1) in non-overmodulation scenarios, the relationship among motor
inductances, DC bus voltage, VV action duration range, and hysteresis width can be
approximately described by (15); and (2) the approach to seek the optimal VV based on
reference voltage is proven effective in experiments.
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