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Abstract—This article proposes a deadbeat predictive current
control (DPCC) of dc-biased Vernier reluctance machine (dc-
biased-VRM) based on extended state observer (ESO) with cou-
pling disturbance compensation to improve the dynamic response
and disturbance resistance ability of the control system. Firstly,
the DPCC strategy was introduced into dc-biased-VRM, and the
ESO-based DPCC method that ignores coupling was obtained.
On this basis, the impacts of parameter mismatch and coupling
disturbance of dc-biased-VRM on DPCC are analyzed, and an
ESO with coupling disturbance compensation is proposed, which
can swiftly compensate the disturbances arising from parameter
mismatch and coupling effects. Furthermore, a quasi-resonant
controller was introduced to suppress the harmonic current of
the machine. Ultimately, the accuracy of current prediction and
the dynamic response ability of current were improved, and this
proposed strategy has a better ability to resist disturbances. Finally,
by comparing the experimental results of the proposed strategy
with those of the conventional one, the conclusion of this article
was verified.

Index Terms—Coupling disturbance compensation, dc-biased-
Vernier reluctance machine (VRM), deadbeat predictive current
control (DPCC), extended state observer (ESO).

I. INTRODUCTION

HE internal aviation starter/generator is the core compo-
T nent of the multielectric aircraft electrical system. The
location of the internal starter/generator is harsh and the tem-
perature is high, which puts forward higher requirements for the
machine reliability. At the same time, how to control the start
and power generation process of the starter/generator machine
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to achieve high real-time and stable control, has also received
increasing attention in recent years [1], [2].

The switched reluctance machine (SRM) is simple in structure
and reliable in operation, suitable for application in internal avi-
ation starter/generator [3]. However, SRM also has the problems
of complicated power generation control with low precision, and
serious vibration. For the improvement needs of SRM, a novel
type of machine named dc-biased-Vernier reluctance machine
(VRM) has been developed [4], [S]. This machine adopts an
open winding inverter to ensure that both dc and ac current exist
in the armature winding [6]. It retains the characteristics of SRM
double salient poles, thereby ensuring more stable and reliable
operation. Without the employment of permanent magnet ma-
terials, there is no risk of demagnetization in high-temperature
environments. The use of smoother sinusoidal ac current also
contributes to reducing motor vibration and noise. Combined
with the integrated current vector control strategy, it improves
the power generation control accuracy [7], [8], [9]. Meanwhile,
the flexible distribution of dc bias current makes the machine
have good speed regulation performance and starting charac-
teristics [10], [11]. The application of two inverters also brings
more convenience for fault tolerant control [12], [13]. These
characteristics make the machine suitable for applications such
as automotive turbocharging and mining machinery, especially
in harsh environments with high temperatures, high speeds,
and strong vibrations. However, these application scenarios also
place high demands on the dynamic performance of the machine
system.

Based on the optimal design of the machine, the system
performance can be further improved by optimizing the con-
trol strategy. The dc-biased-VRM initially uses PI regulator to
realize current control of dg0-axis, but the dynamic response of
PI control system is slow. To address this problem, some scholars
have proposed the DPCC strategy and successfully applied it in
permanent magnet synchronous machine (PMSM) drive system
[14], [15], this method has good dynamic performance and can
adjust the error in a short time. However, the dynamic and steady
state performance of DPCC is heavily reliant on the accuracy of
machine parameters. In the actual control system, it is inevitable
that machine parameters will change, which will seriously affect
the control effect of DPCC strategy [16].

In order to further improve the application range of the DPCC
strategy, Liu et al. [17] extend the prediction range to the
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whole dynamic range of the transient state, which realizes the
optimization of the stator voltage angle and improves the stable
operating range when the inductance is mismatched. By intro-
ducing integrated sliding mode control, Xu et al. [18] improve
the system’s immunity to centralized disturbance. In addition,
many scholars also use observers to improve the resistance of
DPCC strategies. Sun et al. [19] designed a stator current and
lumped disturbance observer to effectively reduce the impact
of parameter mismatch. However, the above method does not
take zero-sequence current into account, so some scholars have
designed three-dimensional DPCC for open winding permanent
magnet synchronous machine. Zhang and Zhang [20] proposes a
zero-sequence reference voltage reallocation strategy to achieve
complete suppression of zero-sequence current. Yuan et al. [21]
propose a full-order adaptive zero-sequence observer to predict
the future zero-sequence current and zero-sequence voltage,
and successfully compensates the control delay. Li et al. [22]
extend the ESO to 0-axis and uses the predicted disturbance as
feedforward compensation for DPCC to enhance the robustness
of the control system. Due to the additional control require-
ment for zero-sequence current to achieve stator excitation,
the above-mentioned DPCC strategies are not applicable to
dc-biased-VRM. In addition, the coupling effect complicates the
voltage equation of the dg0-axis. Observing and compensating
for the interference caused by this coupling to achieve efficient
control of the current along the dg0-axis can further enhance the
dynamic response capability and control effect of the system.
Therefore, none of the above methods can be directly applied to
dc-biased-VRM.

In view of the shortcomings of the existing DPCC strategy
and the necessity for high dynamic response capability in the
dc-biased-VRM control system, a deadbeat predictive current
control (DPCC) of dc-biased-VRM based on extended state
observer (ESO) with coupling disturbance compensation is pro-
posed in this article.

The rest of this article is organized as follows. In Section II,
the features of dc-biased-VRM are introduced. In Section III,
the DPCC strategy is introduced into dc-biased-VRM, and a
conventional ESO-based DPCC strategy that ignores coupling is
designed. In Section IV, the coupling phenomenon of dc-biased-
VRM and the influence of parameter mismatch are further
analyzed, and an improved DPCC of dc-biased-VRM based on
ESO with coupling disturbance compensation is proposed. In
Section V, experimental comparisons are conducted to assess
the control performance of the two control strategies proposed
in this article, thereby verifying the superiority of the proposed
strategies. Finally, Section VI concludes this article.

II. STRUCTURE AND PRINCIPLE OF DC-BIASED-VRM

Fig. 1(a) and (b) depicts the stator-rotor structure and winding
connection of dc-biased-VRM with 12-stator 10-rotor, respec-
tively. The stator and rotor of the machine feature a salient
pole structure, and the stator is additionally equipped with a
centralized winding. Each end of this winding is connected to
an inverter, allowing a zero-sequence current to flow through
it. The current in the winding can be expressed as (1). I is the
amplitudes of zero-sequence current, /; is the amplitude of the
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Fig. 1 DC-biased-VRM. (a) Topology. (b) Winding connection.

fundamental current, and 6. is the electrical angle

ia = Io + Iy cos(6,)
iy = Io + I cos(6. — 2/37) . (1
ic = Ip + I cos(f. +2/3m)

The inductance is primarily comprised of the dc component L
and the primary alternating component L ;, with the amplitudes
of other components being insignificant and thus disregarded.
Therefore, the phase inductance is represented as [23]

L, = Lo+ L cos(6.)
Ly = Lo+ Ly cos(fe —2/3m) . )
L.= Lo+ Ly cos(0. +2/3m)

For dc-biased-VRM, the voltage equation in the three-phase
stationary coordinate system can be expressed as (3). In (3), R,
is the resistance of stator windings. i, is the phase currents,
Ly is the inductances

d(Lab(:iabc)

Ugbe = Rsiabc + T (3)

PARK transformation can be used to transform (1) and (2) into
the dg0-axis frame, and the electrical angle of the transformation
is 6.. Then using (3), the voltage equation in the dg0-axis can
be obtained, as shown in [10]

Ug id Ly 0 I dig/dt
Ug| =Ry |ig| +| 0 Lo 0| |dig/dt
Uup io L1/2 0 LO dlo/dt

0 —Lg O iq
+ We Lo 0 Ly iq . 4)
0 0 0 10

The ac current generates stator flux, while the dc current
produces virtual rotor flux. Electromagnetic torque is generated
through the interaction between stator and rotor fluxes, driving
the machine to operate. The average electromagnetic torque in
dc-biased-VRM is proportional to the product of i, and ip [11].

III. CONVENTIONAL ESO-BASED DPCC STRATEGY FOR
DC-BIASED-VRM THAT IGNORES COUPLING

The DPCC strategy is widely applied in PMSM drive sys-
tems and does not require consideration of the coupling terms
that exist in systems like dc-biased-VRM. To apply the DPCC
strategy to dc-biased-VRM, a traditional and simplified DPCC
strategy was derived with reference to the DPCC strategy used
in PMSM. In general, if the sampling time is fairly short, the
forward Euler method can be used to discretize (4) [17]. To
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Fig. 2 Example of DC-biased-VRM inductance changing with I.ms. (a)
Inductance. (b) FFT analysis of inductance.

compare with the strategy considering coupling effects, the
coupling terms are first ignored following the DPCC strategy for
PMSM. Specifically, the term L; diy/dt is neglected in the d-axis,
and the term 0.5L; di 4/dt is neglected in the 0-axis. The handling
of coupling terms in dc-biased-VRM constitutes the main con-
tribution of this article. Ignoring these coupling terms facilitates
the comparison of experimental results between the traditional
strategy and the coupling disturbance compensation strategy
proposed in this article. However, the coupling disturbances
caused by sudden changes in motor current cannot be effectively
addressed, which in turn affects the dynamic performance of
current regulation. A more effective improved method will be
introduced in Section IV.

In this case (4) can be represented as (5). Then discretize (5)
to obtain (6) shown at the bottom of this page. In (6), i4(k), i4(k),
and iy(k) represent the sampled current of the dg0-axis at the
ongoing control period, respectively. T’ is the control period.
Then, the current of the dg0 axis for the next control cycle is
predicted based on the machine parameters, as shown in (7).
Given that the control period is exceedingly brief, w. between
two consecutive periods can be deemed as remaining constant

Uq (7 Lo 0 O dig/dt
ug| =Rs |ig| + 10 Lo 0] |dig/dt
Uo 0 0 0 Lo dio/dt
0 —Lpg O iq
+ we | Lo 0 Li| |ig (5)

0 0 0] i

To ensure that the machine’s feedback current follows its
corresponding reference value, it’s crucial to predict the current
value for the next control cycle during the ongoing control cycle.
This predicted value is then used as the feedback current for the
subsequent control cycle. Based on this reference, the regulation
voltage for the next control cycle is computed. This regulation
voltage is implemented on the machine at the beginning of each
control period, enabling precise adjustments to the current so
that it reaches the desired value by the end of that period. The
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regulation voltage can be obtained from (8)

ia(k+1) = (1= £ )ig(k) + 22 Ua(k) + Towe (k)ig(k)

ig(k+1) = (1= BL2)ig (k) + £2U, (k) — Towe (k)ia(k)
-T. we(k)L Zo(k)

io(k+1) = (1 — £=)ig(k) + L= Uo(k)

@)
uy(k+1) = Rig(k +1) + T—U(zdref(k +1) —ig(k +1))
fLow(,(k)zq(k +1)

ug(k +1) = Rig(k + 1) + 2 (igret (k + 1) —ig(k + 1)) .
+L0wezd(k +1)+ L1we(k)zo(k +1) A
ug(k +1) = Rig(k + 1) + £ (ioret (k + 1) — o (k + 1))

®)

In order to enhance the robustness of DPCC against interfer-
ence and minimize the effects of parameter variations, an ESO
is designed to detect and compensate for the disturbances that
arise due to parameter mismatch. Zhang et al. [24] provide a
discretization formula for ESO, as shown in (9), where ¢e,..(k)
represents the difference between the predicted value and the
feedback value of the current.

According to (7) and (9), the design of the ESO can be
expressed as (10) and (11). In (10) and (11), fa(k+1), fo(k+1)
and fo(k+ 1) represent the predicted dg0-axis current disturbance,
respectively, aq, bg, ag by, ap, and by are parameters of ESO.
Finally, the reference voltage after disturbance compensation
can be expressed as shown in (12)

e ) = (4) < i)

i(k+1) = (k) + Ts(u(k) + f(k)) —a-em(k) ©
f(k+1) = f(k) = b e (k)

ia(k + 1)?53 (Ua(k)—Riq(k) + Lowe (k)ig(k)) + ia(k)
T, -ag- (ialk) — ia(k) + Fa(K)Ts

by (ke 1) = T (U (k) — Ry () ~ Lowe (R)ia(K) + £, (W) T,
—Lywe(k)io(k)) + iq k)f Ts - aq (iq(k) —iq(k))
io(k+1)=F= (Uo(k)— Rio(k)) = Ts-ao- (io (k) —io(k))
+7/0(k) + fO(k)T.s

(10)

falk+1)= T, by - (Ed(k) —ia(k)) + fa(k)
Jolk+1) = =T - by - (iq(k) —ig(k)) + fq(k) -
Jo(k+1) = =T - bo - (i0(k) —io(k)) + fo(k)

In this section, the conventional DPCC strategy with ESO
for PMSM is taken as a reference and is introduced into the
dc-biased-VRM control system, aiming to enhance the dynamic
response capability of the dc-biased-VRM and reduce phase
current ripple during current step changes. Experimental results
validate the correctness of the theoretical derivation. Specifi-
cally, to facilitate direct application to the dc-biased-VRM, a
simplified DPCC strategy with zero-sequence current regulation

an

ud(k) ’Ld(k) Lo 0 0 (Zd(k + ].) - Zd(k))/Ts 0 —Lo 0 Zd(k)
ug(k)| = Ry |ig(k)| + | 0 Lo 0| [(ig(k+1) —ig(k)/Ts| +we(k) |Lo 0 Ly |ig(k) (6)
uo (k) iok)] L0 0 Lo) [(iglk +1) —ig(k))/T, 0 0 0] |iolk)
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Fig.3  Schematic diagram of the proposed strategy.

capability is derived by neglecting the additional derivative
terms L1 dip/dt and 0.5L, di ;/dt, which would otherwise increase
the algorithm complexity. However, these neglected terms are
the source of the coupling in (4). This coupling phenomenon
introduces disturbances between the predicted current and the
compensation voltage, thereby degrading the dynamic perfor-
mance of the control strategy. Therefore, the following section
will investigate the effects of coupling and machine parameter
mismatch on the control strategy, along with corresponding
solutions

wy(k+1) = Rig(k + 1) + 2 (igret (k + 1) — a(k + 1))
—Lowe (k)ig(k + 1) — fa(k +1)Lg

wy(k+1) = Rig(k + 1) + 22 (igrer(k + 1) — ig(k + 1))
+Lowe(k)ia(k +1) = fo(k +1)Lo

+Liwe(k)ig(k + 1)

uy(k +1) = Rig(k + 1) + £2 (iores (k + 1) — o (k + 1))
—fo(k+1)Lo

(12)

IV. PROPOSED DPCC OF DC-BIASED-VRM BASED ON ESO
WITH COUPLING DISTURBANCE COMPENSATION

A. Analysis of the Influence of Current Coupling and Machine
Parameter Mismatch

The parameters of dc-biased-VRM change obviously in the
actual system. As shown in Fig. 2, both the static inductance
component and the alternating inductance component exhibit
changes in response to variations in the root mean square of
current (/.,¢). In addition, in practical applications, ambient
temperature fluctuations are inevitable, leading to corresponding
changes in the machine’s phase resistance as the temperature
varies.

The variations in the static inductance component and al-
ternating inductance component are expressed by ALq and
ALq, and the variation of phase resistance is expressed by AR.
Consequently, the predicted current error induced by these
machine parameter mismatch can be expressed as (13). Ac-
cording to (7), the predicted current in the case of parameter
mismatch can be obtained, as shown in (14). The predicted
current disturbances arising from the parameter variations at

:—'dq/aﬁ_,@

igo (k +1) iggo (k) | gtk)u;z(k+l) @
_ Equi8 _ ’
TABLE I
PARAMETERS OF THE PROTOTYPE DC-BIASED-VRM

Parameters Description Value
ng Number of stator slot 12
n, Number of rotor slot 10
Ry Phase resistance (Q) 0.088
Ly Static inductance component (mH) 1.53
L, Alternating inductance component (mH) 1.01
I Rated current (A) 19
T Rated torque (N-m) 2.55
ny Rated speed (r/min) 1500

Open winding
nverter

Fig. 4 DC-biased-VRM experiment platform.

time k are expressed as izq(k), irq(k) and ifo(k). It is evident that
variations in machine parameters will compromise the accuracy
of current prediction, leading to errors in the regulating voltage,
ultimately impacting the control effectiveness and potentially
causing system instability. Hence, it is imperative to reduce the
influence of parameter variations on control performance.
Furthermore, it is evident from (4) that the voltage on the
dO-axis is related to the current of d0-axis, which means that
the accuracy of the current prediction for the d0-axis directly
influences the accuracy of the regulated voltage on the dg0-axis,
subsequently impacting the control efficacy. However, in order to
apply the conventional method to dc-biased-VRM, the coupling
term dio/dt of the d-axis and the coupling term di 4/dt of the 0-axis
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Fig.5 Experimental results of dynamic response of dg0-axis current and phase current with different strategies. (a) i, and ip of conventional VC strategy. (b) ig
and i, of conventional VC strategy. (c) iy and iy of conventional DPCC strategy. (d) ig and i, of conventional DPCC strategy. (e) iy and iy of proposed DPCC
strategy. (f) i4 and i,, of proposed DPCC strategy.

are neglected. This implies that the coupling phenomenon of coupling situation and parameter variations of the dg0-axis
the dg0-axis will introduce disturbances to the calculation of the into disturbance quantities and observes them. Ultimately, it
predicted current and the given voltage value, ultimately affect- achieves disturbance compensation and enhances the dynamic
ing the dynamic performance of the control strategy. Moreover, performance of the control strategy.

variations in machine parameters further degrade the control

performance, enhance this coupling effect B. Proposed ESO-Based DPCC Strategy With Coupling

Aiglk+1) = (1— ART L Yig(k) + 2 AL Ua(k) Disturbance Compensation
+Tswe (k)ig(k) First, rewrite (4) as
Adg(k+1) = (1 - )'q(k) + a7, Uq(k)

~Tswe(k)ia(k) ’ 3 g iq dig/dt i

-T we(k)ﬁ—f’“lo(k) Ug| = Rs |ig| +A |dig/dt| + weB |iq4 (15)

j dig/dt )
Aig(k+1) = (1 — AALLTO%)zo(k) + A—ﬁTL;UO(k) Ug 20 io/ 10
fa(k+1) = (1= By iy (k) + LoUg(k) Ly 0 I 0 —Lo 0
+Ts * we (k) * zq(k) —|— ifa(k) In(15,A=| 0 Ly O0|,B=|Ly 0 Ly
ig(k+1) = (1= L) iy (k) + 22Uy (k) Li/2 0 Lo 0 0 0
—Ts % we(k) *iq(k) ' In order to obtain the predicted current perturbations due to
—Ts % we (k) f—é wig(k) +ipq(k) parameter mismatch and coupling phenomena, the differential
io(k+1)=(1- RzT ) ig(k) + 2”0 Uo(k) +igo(k) value of the current in the dg0-axis is expressed as
14
14 d’id/dt ug + hg iq
Therefore, in this section, an ESO considering voltage cou- dig/dt| =D |uqg+ hg| — D(RsE + weB) |iq| . (16)

pling on the dg0-axis is designed. This strategy expands the dig/dt ug + ho 10
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Fig. 6 Experimental results of dynamic responses of dg0-axis current and
phase current with different strategies when parameters are mismatched. (a) i,
and iy of conventional DPCC strategy. (b) ig and i, of conventional DPCC
strategy. (c) iq and iy of proposed DPCC strategy. (d) iq and i, of proposed
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2L 0 —2L,
202-I72 202-172
In(16), D = 0 L 0 , E is the identity matrix,
Lo
—L, 0 2L
202-L2 202-L2

while &g, hy and hy denote the disturbance voltages that con-
sidering the coupling and parameter variations of the dg0-axis,
respectively. According to (16), design considerations for ESO
with coupling compensation can be expressed as (17).

Through (17), the coupling disturbance and parameter mis-
match disturbance on the dg0-axis can be calculated, because
when these two disturbances are obtained, not only the current
of the d-axis is used, but also the influence of the current of the
q0-axis on the d-axis is considered. For the 0-axis, the coupling
disturbance caused by the current of d-axis on the 0-axis is also
considered. In this way, the disturbance caused by the coupling
phenomenon can be obtained separately. Furthermore, A quasi-
resonant controller (QRC) is adopted to suppress the harmonic
components in the back-electromotive force of dc-biased-VRM,
thereby achieving harmonic current suppression. The QRC has
been widely applied in suppressing alternating components [25],
and the QRC used in this article is expressed as (18).

The expression for predicting the current can be expressed as
(19) shown at the bottom of the next page. In (19), the coupling
disturbance and parameter mismatch disturbance obtained in
(17) are used to predict the next period current, which can
improve the accuracy of current prediction in the transient
process, and thus improve the transient control effect. After
the predicted current and current disturbance, as well as the
harmonic compensation voltage are obtained, the regulation
voltage can be expressed as (20) shown at the bottom of the
next page. The harmonic compensation voltages of the dg0-axis
are represented as u g, Uqr, and ug ., respectively. Besides, QRC
has also been applied in the conventional DPCC method.

Fig. 3 shows the schematic diagram of the proposed strategy.
When designing the ESO for the conventional DPCC method,
the coupling phenomenon of dc-biased-VRM was ignored. This
simplified approach enables rapid current regulation, but there
is still room for improvement in dynamic processes. However,
in Fig. 3, the proposed method, when designing the ESO, not
only takes into account the disturbances caused by parameter
variations but also comprehensively considers the coupling dis-
turbances arising from current changes in the dg0-axes. Through
the prediction of both the current and disturbance voltage, a
compensation for the control delay is achieved. Additionally, the
influence exerted by voltage coupling and parameter disturbance
is mitigated, thereby ensuring the swift responsiveness and
stability of the control system

ha(k +1) bd(%d(k) —ia(k)) ha(k)

he(k+1) | = =TsD |by(iq(k) —ig(k)) | + |he(k)| (A7)

ho(k + 1) bo (io (k) — io(k)) ho(k)
Gyre(s) = % (18)

qre

V. EXPERIMENTAL VERIFICATION

To validate the efficacy of the two strategies in enhancing
the current response of the machine, an experiment is carried
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out on the dc-biased-VRM experiment platform. Fig. 4 shows
the platform for the experiment. The core control component
of this platform is TMS302F28377D digital signal processor
(DSP), with a control frequency set at 20 kHz. For capturing the
machine’s current waveform, multichannel waveform recorders
MS08204 and DS7054 are utilized. Additionally, the torque-
speed meter TR-10 is used to record the machine speed and
torque. The specific parameters of the prototype machine used
in this experiment are given in Table I.

First, in order to compare the current dynamic response ability
of vector control strategy applied in [10] (referred to as con-
ventional VC strategy hereinafter), conventional DPCC strategy
and the proposed DPCC strategy, a comparative experiment is
conducted on the current step response at a speed of 1000 r/min
and a load of 0.75 N-m. In the following text, ig_ref, Iq_ref,
and ip_er denote the reference values of the dg0-axis currents,
while iq_for iq_sor, and ig_gpr denote the feedback values of
the dg0-axis currents. Additionally, i, denote the current of
phase A. Fig. 5(a) and (b) adopted the conventional VC strategy.
When i,_,ef changes from 8.1 to 15.1 A, the tracking time
required is 6.9 ms; when iy_,.f changes from 5.6 to 10.7 A,
the tracking time required is 6.8 ms; when the reference current
suddenly decreases, the time taken for the feedback current
to track the reference current is 7.1 and 6.6 ms, respectively.
When the reference current changes suddenly, the disturbance
of phase current is small, and the d-axis current can also track
the reference value stably.

Fig. 5(c) and (d) shows the results of adopting the conventional
DPCC strategy. In the scenario where the reference current
abruptly increases, the feedback current is able to swiftly track
and reach the reference value within 3.2 and 5.1 ms, respectively.
Conversely, when the reference current suddenly decreases, the
time required for the feedback current to track the reference
current is 3.2 and 5.8 ms, respectively. It can be seen that after
applying the conventional DPCC strategy, the dynamic response
ability of the current has been improved. Moreover, regardless
of how the reference current changes, the current can accurately
track the reference value in the steady state. Obviously, the use
of the conventional DPCC strategy can achieve a better control
effect than the conventional VC strategy. However, during the
adjustment process, significant fluctuations and large inrush
currents occurred in the phase current. This is because the
voltage coupling component of the machine was ignored when
the DPCC strategy was introduced. These phenomena will lead
to an increase in system losses and shorten the service life of
power electronic devices.
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Fig. 5(e) and (f) shows the results of the proposed DPCC
strategy. When the reference current suddenly increases, the
time needed for the feedback current to follow the reference
value is shorter, specifically 2.6 and 3.1 ms, respectively. Con-
versely, when the reference current suddenly decreases, the time
required for the feedback current to track the reference current
is 1.3 and 3.8 ms, respectively. Similarly, the dynamic control
effect of this strategy on the current is also superior to that of
the conventional VC strategy. Furthermore, compared with the
conventional DPCC strategy, the dynamic adjustment time of the
current of this strategy is shorter. It is worth noting that when the
reference current undergoes a sudden change, the fluctuation of
the phase current is minimized, making the transition smoother.
This is because the proposed strategy can not only compensate
for the interference caused by parameter mismatch, but also
for the interference caused by the coupling phenomenon of the
machine. This means that disturbances are compensated more
fully and the current can be regulated more precisely during the
dynamic response process.

Second, to evaluate the robustness of the two proposed strate-
gies against parameter mismatch, the following experimental
setup was used: the machine speed is adjusted to 1000 r/min,
the load is set to 0.75 N-m, the resistance is increased to 0.8
times its nominal value, and both the static inductance and
the primary alternating inductance are set to 1.3 times their
nominal values. A comparative experiment is then conducted
to observe the step response of the current. Fig. 6(a) and (b)
shows the results of adopting the conventional DPCC strategy.
When the reference current experiences a sudden increase, the
feedback current is still able to accurately track the reference
value. The time required for this tracking is 3.7 and 5.8 ms,
respectively. Conversely, when the reference current suddenly
decreases, the time taken for the feedback current to follow
the reference value is 5.8 and 6.1 ms, respectively. In the case
of parameter changes, the conventional DPCC strategy still
outperforms the PI strategy in terms of the dynamic response of
current. Notably, the existence of coupling amplifies the impact
of disturbances caused by parameter mismatch, resulting in
fluctuations in the predicted current and the calculated reference
voltage, and further leading to significant fluctuations in the
phase current during the regulation process.

Fig. 6(c) and (d) shows the results of the proposed DPCC
strategy. When the reference current suddenly increases, the
current can also be quickly tracked to the reference value, the
required time is 3.4 and 5.9 ms, respectively. When the refer-
ence current suddenly decreases, the time required for accurate

ia(k+1) ug(k) — Rig(k) + ha(k) ia(k) aq(ia(k) —ia(k)) ia(k)

iq(k +1)| = TsD |ug(k) = Rig(k) + hq(k) | + |ig(k)| + Ts ag(iq(k) — iq(k)) | — Tswe(k)DB |iy(k) (19)
io(k +1) ug(k) — Rio(k) + ho(k) io(k) ao(io(k) — io(k)) i0(k)

wi(k+1) = Rig(k + 1) + 2 (i5(k + 1) — ia(k + 1)) — Lowe (k)ig(k + 1) — ha(k + 1) + ugr(k + 1)

uy(k+1) = Rig(k+1)+ i (g (k + 1) —ig(k + 1))+ Lowe (k)ig(k 4+ 1) 4+ Liwe (k)io(k + 1) — hg(k 4+ 1) 4+ ugr(k + 1) .
uj(k+1) = Rig(k + 1) + 22 (i (k + 1) — do(k + 1)) — ho(k + 1) + uor(k + 1)

(20)
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Fig.7 Experimental results of dynamic responses of dg0-axis current, phase current and disturbance compensation voltage with different strategies under sudden
parameter mismatch. (a) i, and iy of conventional DPCC strategy. (b) i4 and i, of conventional DPCC strategy. (c) Disturbance compensation voltage of conventional
DPCC strategy. (d) iy and iy of proposed DPCC strategy. (e) iq and i, of conventional DPCC strategy. (f) Disturbance compensation voltage of proposed DPCC

Strategy

current tracking is 3.3 and 3.6 ms, respectively. It can be seen
that the control effect of the proposed strategy is still superior to
that of the conventional VC strategy and the conventional DPCC
strategy. Furthermore, due to the compensation for disturbances
in the current prediction process and the voltage calculation
process, when the reference current changes suddenly, the phase
current only experiences very small fluctuations.

Then, the machine speed is adjusted to 1500 r/min and the
load is set to 2.55 N-m. When the machine is running stably,
the machine parameters in the controller are changed suddenly
to observe the compensation ability of the two strategies to the
disturbance. In the experiment, the resistance variation is 0.8
times of the nominal, and the static inductance and primary al-
ternating inductance are both 1.3 times of the nominal, as shown
in Fig. 7(a)—(c) shows the results of adopting the conventional
DPCC strategy. When the parameters are mismatched, the dq0-
axis current and the phase current have some disturbance. The
dq0-axis disturbance voltage generated by parameter mismatch
is quickly predicted and compensated, which ensures the accu-
racy of feedback current tracking. Fig. 7(d)—(f) shows the results
of adopting the proposed DPCC strategy. Compared with the
conventional control strategy, when the parameters are suddenly
mismatched, the current on the dg0-axis only fluctuates slightly,

indicating that the proposed control strategy has a stronger
ability to resist disturbance. In addition, the proposed strategy
can predict the dg0-axis disturbance voltage more smoothly and
quickly.

The coupling phenomenon of dc-biased-VRM is closely re-
lated to machine parameters. Parameter mismatch not only inter-
feres with current prediction and voltage reference calculation,
but also affects the disturbance caused by coupling. Although
the conventional control strategy can deal with the disturbance
quickly, because the coupling phenomenon of dc-biased-VRM is
not considered, the predicted disturbance has small fluctuations.
The proposed strategy cannot only compensate the disturbance
caused by parameter mismatch, but also compensate the distur-
bance caused by the coupling phenomenon, so as to predict the
disturbance voltage smoothly and reduce the influence of the
disturbance on the current.

Furthermore, the load variation experiment under steady state
operation is also carried out. When the machine speed is stable
at 1500 r/min, the load is instantaneously increased from 0.65
to 1.9 N-m. Fig. 8(a) and (b) shows the results of adopting the
conventional DPCC strategy. After a sudden load change, the
feedback current of the dg0-axis accurately tracks the reference
current, and the g0-axis current reaches a stable state after a short
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Fig. 8 Experimental results of dynamic response of dg0-axis current and
phase current using different strategies when the load changes. (a) i, and ip
of conventional DPCC strategy. (b) i and i, of conventional DPCC strategy.
(c)igandig of proposed DPCC strategy. (d) i g and i, of proposed DPCC strategy.

overshoot. Fig. 8(c) and (d) shows the results of adopting the pro-
posed DPCC strategy. The feedback current of the dg0-axis in the
proposed strategy accurately tracks the reference current. Also,
compared with the conventional strategy, the current overshoot
of g0-axis is smaller, which means the whole adjustment process
is smoother. This is because the proposed strategy considered the
coupling phenomenon between the dg0-axis. By implementing
coupling voltage compensation, it achieves higher precision in
current control and enhances the dynamic performance of the
system.

The tracking times of the d0-axis current when the reference
value increases and decreases were averaged, resulting in the
comparison of current tracking times between the two control
strategies presented in Table II. The condition I refers to the
experimental scenario in Fig. 5, while the condition II refers
to that in Fig. 6. It can be observed that the strategy proposed
in this article shortens the current tracking time under different
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TABLE IT
COMPARISON OF CURRENT TRACKING TIME
Conventional Proposed Improvement
Strategy Strategy Rate
i 3.20 ms 1.95 ms 39.06%
Condition I .
onditont 7 5.45 ms 345 ms 36.70%
.. iy 4.75 ms 3.35 ms 29.47%
Condition IT 17 5.95 ms 4.75 ms 20.17%
TABLE III
COMPARISON OF PHASE CURRENT FLUCTUATIONS
Conventional Proposed Improvement
strategy strategy Rate
Condition I 62.41% 24.35% 60.98%
Condition IT 30.39% 14.58% 52.02%

conditions, which indicates that the dynamic response capability
of the system has been improved.

In addition, a comparison was made of the fluctuation of phase
current when the current reference value changes. This ratio is
calculated by dividing the difference between the value at the
point of maximum phase current fluctuation and the value at the
same phase under steady-state condition by the root mean square
of current, as given in Table III. It can be observed that with
the strategy proposed in this article, the phase current exhibits
smaller fluctuations, which improves the smoothness during the
current regulation process.

VI. CONCLUSION

Based on the conventional ESO-based DPCC strategy ap-
plicable to dc-biased-VRM, this article proposes an improved
DPCC strategy based on ESO with coupling disturbance com-
pensation. In the process of predicting current and disturbance,
not only the disturbance caused by parameter mismatch, but also
the disturbance caused by coupling phenomenon are considered.
In this way, the disturbance can be compensated more accurately,
which in turn enhances the precision of voltage reference calcu-
lations and further strengthens the system’s dynamic response
capability.

The effectiveness of the two strategies has been validated on
the dc-biased-VRM experimental platform, and the superiority
of the strategy proposed in this article is further verified through
experiments. Compared with the conventional VC strategy and
the conventional DPCC strategy, this strategy has faster current
regulation ability. In addition, the dynamic regulation process
is smoother and there is less disturbance in the current, which
helps to improve the utilization rate of the current and reduce the
impact of the current shock on the power electronic equipment.
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