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Abstract—This article proposes an improved harmonic current
injection control strategy for dc-biased Vernier reluctance ma-
chine based on current orthogonal component distribution to en-
hance output torque, thereby improving the output efficiency of
the machine. The effect of the interaction between the harmonic
current and the inductance on average torque of the machine is
analyzed. Then, a current distribution ratio with the maximum
torque/current ratio is given, which can effectively increase the
output torque of the machine. Based on this current ratio, a novel
distribution method of harmonic current orthogonal component is
proposed to provide reference value of harmonic current injection.
Furthermore, in order to realize the precise injection control of
amplitude and angle of harmonic current, a harmonic current
orthogonal component tracking strategy with advanced angle com-
pensation is proposed. The improved harmonic current injection
control strategy presents advantages of high current control accu-
racy and wide applicable speed range. In addition, the parameter
design of the method is relatively simple. Finally, the conclusion is
verified by experiments.

Index Terms—Current control, dc-biased Vernier reluctance
machine (dc-biased-VRM), harmonic injection, orthogonal
component distribution, torque enhancement.

I. INTRODUCTION

HE interior of the aero-engine is a harsh environment with
high speed and strong vibration, so it requires the aero-
starting engine to have good adaptability in the harsh environ-
ment, excellent speed regulation performance, and simple power
generation control. Among the relevant topics, the switched
reluctance machine (SRM) has received extensive attention due
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to its simple structure and reliable operation. However, the
machine presents problems of large torque ripple and difficulties
of suppressing vibration noise. In addition, the power generation
operation requires a large volume of filter, which limits its wide
application [1].

In view of the above improvement requirements, several
scholars have designed a reliable dc-biased Vernier reluctance
machine (dc-biased-VRM) [2], [3], which is suitable for high-
temperature and high-speed environments, especially in the field
of internal starter/generator. The machine has a set of con-
centrated windings, which is combined with an open-winding
inverter to ensure that the armature winding has dc and ac
currents. The dc current regulates the excitation magnetic field,
and the ac current establishes the armature magnetic field. The
biased sinusoidal current helps to reduce the machine vibration
noise and to enable good speed regulation performance [4], [5],
[6], [7], [8]. The application of open-winding inverter also brings
more possibilities for fault-tolerant control [9].

However, it is of great significance to improve the power
density of the machine without using permanent magnet ma-
terial. Therefore, some scholars have analyzed the mechanism
of torque enhancement and proposed several machines with
novel topologies that have higher torque and power density [10],
[11], [12]. However, research on the control strategy can further
improve the torque and power density based on the optimiza-
tion of the machine body, so that the machine can adapt to
more conditions. Previous literature [13] improved the average
torque of SRM with several different winding configurations
by injecting harmonic current. In addition, the average torque
of reluctance machine was studied in [14], revealing that the
second harmonic current has a greater increase to the average
torque than the fourth and fifth harmonic currents. In addition,
the third harmonic current will introduce torque ripple, resulting
in additional copper loss and makes no contribution to the
average torque [15]. Therefore, the precise control of the second
harmonic current is of great significance.

In controlling the harmonic current, scholars commonly use
proportional integral (PI) or proportional integral resonant (PIR)
regulator. In [16], the PI regulator is used to achieve the injection
of the third harmonic current under fault tolerance control, and
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the torque ripple of the five-phase permanent magnet machine
is reduced. However, PI regulator has poor effect on ac sig-
nal adjustment. As the machine speed increases, the harmonic
control accuracy may further decline, and thus cannot be used in
cases of high-speed requirements. In [ 17], multiple synchronous
reference frames are introduced into the control loop, and the
harmonic current is adjusted with the PI regulator. However,
this approach takes up much calculation time and reduces the
dynamic performance of the strategy. In [18] and [19], PIR con-
troller is used to inject harmonic current, and the machine motion
noise is successfully reduced. However, it is difficult to adjust
the parameters of the controller. In [20], a generalized predictive
control strategy is used to track the phase and amplitude of
the harmonic current of a dual-three-phase permanent magnet
synchronous machine with high precision. Adaptive notch filter
(ANF) is widely used in power system, it can accurately extract
the sine and cosine components of the harmonics, and the time
delay is much smaller than that of the low-pass filter [21], [22]. In
[23] and [24], the ANF is used to suppress the harmonics of the
machine, which achieved highly accurate results and improved
the speed regulation performance. Yet no research has focused
on multi-harmonic active injection. Therefore, considering the
above-mentioned problems in the control strategy, an improved
harmonic current injection control strategy based on current
orthogonal component distribution is proposed.

The main contributions of this article can be summarized as
follows.

1) The increase of the average torque caused by second
harmonic current is analyzed, and the relationship between
the amplitude of the zero-sequence current, the fundamen-
tal current, the second harmonic current and the initial
phase angle at the maximum average torque is calculated.

2) Based on the above analysis, a harmonic current orthogo-
nal component distribution strategy is proposed to provide
injection reference values for the fundamental and second
harmonic currents.

3) A tracking strategy of harmonic current orthogonal com-
ponent with advance angle compensation is proposed. The
tracking strategy of harmonic current orthogonal compo-
nent realizes the accurate control of the amplitude of har-
monic current; the advance angle compensation improves
the accuracy of the angle of the harmonic current injection
and the stability of the control system.

The harmonic current injection control strategy proposed in
this article has the following advantages.

1) The amplitude and angle of the injected harmonic current
are accurately controlled, and the harmonic voltage is
accurately compensated. This means that the strategy can
accurately inject harmonic current, and the whole control
process is clear and simple.

2) Inthe whole control strategy, only PI parameters and ANF
iterative step need to be adjusted, so the parameter design
is relatively simple.

The rest of this article is organized as follows. Section II
describes the structure and principle of dc-biased-VRM.
Section III discusses the effects of the second harmonic current
and inductance on the average torque, and then the relationship
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Fig. 1. DC-biased-VRM. (a) Topology. (b) Winding connection.
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Fig. 2. Inductance waveform and FFT analysis of dc-biased-VRM under the

second harmonic current injection control strategy.

between the amplitude and phase of the second harmonic
current, the fundamental current and the dc current at the max-
imum torque/current ratio is given, which is used as the current
distribution criterion for harmonic injection. In Section IV, a
distribution method of harmonic current is proposed to provide
the harmonic current orthogonal component reference value, and
a tracking strategy of harmonic current orthogonal component
with advance angle compensation is proposed, while accurately
controlling the amplitude of the harmonic current, the accuracy
of the harmonic current angle control is improved and the
stability of the system is guaranteed. In Section V, experimental
verification shows that this method can achieve accurate second
harmonic current injection, and has a wide range of applicable
speeds. Finally, Section VI concludes this article.

II. STRUCTURE AND PRINCIPLE OF DC-BIASED-VRM

Fig. 1(a) and (b) shows the topology and winding connection
of dc-biased-VRM with an open-winding structure of 12-stator
10-rotor, respectively. The machine uses a double salient pole
structure, and the stator is arranged with a centralized armature
winding. The open winding neutral point provides a path for
zero-sequence current. The current formula of the machine can
be expressed as

I, = Iy + I cos(0 + a1)
Ib:IQ—FIlCOS(He-FOq—Q/?)ﬂ') (1)
[(: = IO +Il COS(Ge + oy + 2/37‘()

where /) is the amplitude of dc current, 6. is the electrical angle,
and «; is the initial phase angle.

Given that this machine has a concentrated winding structure,
the phase inductance is mainly generated by self-inductance,
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which can be expressed as

Lo = Lo+ 372 Ljcos(j0e +nj)
Ly =Lo+> ;2 Ljcos(j(fe —2/3m) +m;)  (2)
Le= Lo+ ;2 Ljcos(j(0e +2/3m) + ;)

where Ly is the static component of self-inductance. L; and 7;
is the amplitude and initial phase angle of the jth inductance.

The inductance of dc-biased-VRM consists mainly of compo-
nents under the second-order, but the higher order components
is smaller. Therefore, without considering the higher order self-
inductance components and mutual inductance, the formula can
be given as

L, = Lo+ Ly cos(0. + aq)
Ly=Lo+ Lycos(f. + a1 —2/3m) . 3)
L.= Lo+ Ly cos(0e + a1 +2/3m)

The voltage mathematical model can be expressed as

Uq
Up
Uc
ia d ia (LO + L1 COS(@G))
=R, |ip| + T in(Lo + Ly cos(0. —27/3))| . (4)
ic ic(Lo + Ly cos(0, + 27/3))

Using the coordinate transformation for (4), the mathematical
equation in the synchronous rotating coordinate system can be
obtained as (5) shown at the bottom of this page.

III. OPTIMAL CURRENT CONFIGURATION FOR INCREASING
AVERAGE TORQUE

In order to provide a reference for the injected harmonic
current to effectively improve the output torque of the machine,
it is necessary to analyze the distribution criterion of harmonic
current when the machine torque/current ratio is maximum by
combining the average torque formula.

The average torque of SRM can be expressed as

1 [?> [P, .dL
Tav = 5 (42 &
97 o /0 [ > Uagg, *

The three-phase current is changed to the form containing the
second harmonic current as in (7), and the appropriate current
amplitude and initial phase angle can enhance the average torque

.2 dLb

LdL,
7

e,

)| dbe. (6)
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of the machine

Iy + I cos(0. + a1) + Iz cos(20. + az)
Iy + I cos(be + a1 — 2/3m)
+15 cos(20. + g + 2/3m) (7
ic = Io + Il COS(Qe —+ a1 —+ 2/37‘()
+15cos(20. + az —2/3m)

lq =

1y =

where I, and «; represent the amplitude and initial phase
angle of the second harmonic current. By substituting (3) and
(7) into (6), the formula for the average torque can be expressed
as

3P, .
Tave 012 = 71011131 sin(as —m)
3P, .
+ TIlIQLl sin(—ay + ag —m) 3

where Tayg012 is the average torque of the machine. In the case
specified in (9), the average torque is at maximum

041—771:77/2 (9)
—aytag+n =m/2°

Assuming that the rotor teeth is aligned with one of the A-
phase teeth in the initial state, then 77, is 0, and the optimal initial
phase angle is

oy =7/2
{az L (10)
Therefore, (8) can be expressed as
3P, 3P,
Tave 012 = 71011[/1 + TIIIZLL (11)

In addition, to facilitate the analysis, the phase current root
mean square (/;,5) is used to constrain the amplitude of each
current

VI +12/2 4 132 = I, (12)
To calculate the optimal current and phase distribution under
the constraint of (12), the Lagrange multiplier method is used:

3P, 3P,
F(Io,I,1I3,A) = TloflLl + 711]2L1

AR+ T2 +13/2—-12,)  (13)

where A is the Lagrange multiplier coefficient. By calculating
the partial derivatives of Iy, I, I, and A for F (Iy, I, I, A) and
making them equal to zero, (14) can be obtained.

Ug 14 Lo + Ly cos(36,)/2 —Lysin(360.)/2  Ly| |dig/dt
ug| = Rs |ig| + | —L1sin(36.)/2 Lo — Licos(30:)/2 0| |dig/dt
Uuo io L1/2 0 Lo dlg/dt
—Lqsin(36,) —Lo— Lycos(30.) O iq
+ we | Lo — L1 cos(36.) Ly sin(36,) Li| |iq] - 5)

0

0 0 10
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From (14), the corresponding Iy, I}, and I, with the highest
average torque are shown as

L =3P Ly + 20 =0

2L — 3P IoLy + 3Py IoLy + A1 =0 04
g—g =3P, 1 L1 + 1, =0
12 12
%%:Ig+71+72_1r2m520
I, =1,
1 ~ rms_ 1 ) (15)
IO - I2 - ﬁlrms

By substituting (15) into (11), the maximum average torque
can be

2
0P, L1 20, (6
4v3

Normally, dc-biased-VRM only requires dc and ac currents
to work properly. In this case, the same method can be used
to obtain the maximum average torque of the conventional
maximum torque/current ratio control strategy, as shown in

maX(Tavg_012 ) -

P,L,I?2
3 1Irms (17)
2V2

where T,ye_o1 is the average torque obtained by the action of
dc and fundamental current.

By comparing these two different current distribution meth-
ods, it can be seen that the injection of second harmonic can
increase the average torque of dc-biased-VRM by approximately
22% under the same parameters and constraints

V6

max(Tovg o12) _ V6 4 o
max(Tavg 01) 2 o

maX(T’avg_Ol ) =

(18)

However, the second and third components of the self- induc-
tance increase when the harmonic current of dc-biased-VRM is
configured to (10) and (15). Through finite element simulation,
the self-inductance waveform and fast Fourier transform (FFT)
analysis at 1500 r/min and /,,,s of 19 A are obtained, as shown
in Fig. 2. The amplitude of the second and third self-inductance
components are 0.27 and 0.22 mH, respectively. In this case, the
role of the second and third self-inductance components cannot
be ignored.

Rewrite (8) as (19). L; and L, are the second and third
components of self-inductance, respectively. 7; and 7, are the
initial phase angle of L; and L,, respectively. According to (19)
shown at the bottom of this page, when the effects of second and
third self-inductance components on the average torque are con-
sidered, the average torque is theoretically increased by 9.21%.
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Fig. 3. Decomposition of the fundamental and second harmonic current in
synchronous rotating coordinate system.

IV. IMPROVED HARMONIC CURRENT INJECTION CONTROL
STRATEGY BASED ON CURRENT ORTHOGONAL COMPONENT
DISTRIBUTION

According to the analysis in Section III, the average torque
and power density of the machine can be effectively improved
by injecting suitable second harmonic current. In order to
inject the second harmonic current accurately, the current
components in the synchronous rotating coordinate system
need to be accurately distributed and tracked. Therefore, the
harmonic current orthogonal component distribution strategy
is proposed to provide the harmonic injection reference value
under the optimal distribution. Then, a current tracking strategy
of harmonic current orthogonal component with advance angle
compensation is proposed to achieve accurate injection of
second harmonic current.

A. Novel Harmonic Current Orthogonal Component
Distribution Strategy

According to Fig. 3, the dq0-axis current can be represented
as (20). In (20), o1 and aq represent the initial phase angle
of the fundamental current and the second harmonic current,
respectively,

I; = I cos(ay) + I cos(30, + az)

I, = I sin(ay) — Iosin(30e + a2) .
Iy =1

(20)

The fundamental current is reflected as dc current on the dg-
axis, while the second component is transformed into the third
current. Furthermore, rewrite (20) as

I, = Ago + Agz cos(36c) + Bas sin(36.)

I, = Agp + Agzcos(30e) + By sin(30.)
IO = AOO

2n

where A g, A 40, and A are the amplitude of the dc component.
Az, Bgz, Ag, and B g are the amplitude of the third harmonic

3P, 3P,

Tovg 012 = THIOI1L1 sin(ar —m) + Tnhleq sin(—ag + ag — 1)

3P,

. . 9P, .
+ TI%LQ sin(2aq — m2) + 3P, lolo Lo sin(ag — n2) + TIlIQLS sin(ag + ag — 1n3).

19)
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orthogonal component. Taking these static current components
as reference value and controlling them by a specific method,
the accurate injection of the second harmonic current can be
realized. The proposed harmonic current orthogonal component
distribution strategy is shown in Fig. 4. First, the output of the
velocity loop PI regulator is adjusted to the I.,,s (that is, the
amplitude of the fundamental current), and then the amplitude
of the zero-sequence current and the amplitude of the second
harmonic current are allocated according to (15). Further, the
initial phase angle of the fundamental current and the second
harmonic current is adjusted by (10), and the reference value of
the static current orthogonal component is allocated according
to the current amplitude obtained in the previous step, which
provides a basis for the control of harmonic current injection.

B. Feedback Harmonic Current Extraction Using ANF

To improve the precision of harmonic current injection, the
ANF is used to detect harmonic current components on the dqg0-
axis, which can be expressed as

e(n) =i(n) — f(n)

f(n) =V -AT(n)

Aln+1) = A(n) + re(n)V
V =1, cos(36,),sin(36.)]
A(n) = [Ao, A3, B3]

A(?’l + 1) = [Ao, A3, Bg]

(22)

where i is the feedback current signal of the machine, which con-
tains the injected harmonic current. fis the extracted harmonic
components, and e is the error signal of i and f. Moreover, Vis the
reference angle vector for the dc and orthogonal decomposition
components of the feedback current. A is the amplitude vector
of the dc and orthogonal components of the extracted feedback
current. A is the iteration step. If X is too small, the harmonic
current components will be extracted slowly and the dynamic re-
sponse ability will be reduced. If X is too large, then the extracted
harmonic current components will contain more noise, resulting
in lower precision of harmonic current injection. Therefore, it
is necessary to adjust the iteration step size in experimental
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application to achieve a balance between responsiveness and
noise size [23].

C. Tracking Strategy of Harmonic Current Orthogonal
Component With Advance Angle Compensation

Although the conventional PI regulator has a simple struc-
ture and convenient parameter setting, tracking and adjusting
the high-frequency alternating error signal remain difficult due
to its limited bandwidth. Therefore, this strategy adopts ANF
controller to extract the amplitude of the target signal quickly
and accurately, and then uses the PI regulator to adjust.

First of all, the second harmonic current in the phase current is
a third harmonic current on the dg-axis, thus, ANF is used to de-
tect and extract the amplitude of the sine and cosine components
of the third harmonic current in the dg-axis. Then, the extracted
static amplitude signals are compared with the reference value
respectively, and the errors are adjusted by PI regulator to get
the control voltage signals.

However, dc-biased-VRM does not use permanent magnets,
and thus the current regulator voltage output is applied to the
stator windings, making the harmonic voltage component being
90° ahead of the corresponding harmonic current component.
Therefore, the regulating voltage output of the PI regulator
cannot be directly applied to the machine. In addition, the digital
delay will lead to the decrease of the injection accuracy of the
harmonic current angle and affect the stability of the system.
Therefore, an advance phase angle compensation strategy is
proposed to solve the above two problems. First, the reference
value of the amplitude of components of fundamental current
should be modified to (25) according to the delay angle through
(23) and (24). In addition, in order to compensate the control
delay of the third harmonic current on the d-axis and g-axis, Af,
is compensated to the sampled electrical angle .. Second, the
output of the PI regulator needs to be rotated 90° to compensate
for the harmonic voltage

Iy = I cos(ay + AB,) + I cos(30. + az)

Iq = Il Sin(oq + Aae) - 12 sin(SHe + 012) (23)
I = I
Ab, = =T,N, P, /30. (24)

In (24), T is the control period, N, is the speed of the rotor,
and P,, is the number of poles of the machine

I, = Arg0 + Ayrgz cos(360.) + Bygs sin(36,)
Iq = ArqO + Arqg COS(?)ae) + B,«q3 sin(39€) .
Iy = Aroo

In (25), Aq0, Arg, and Agy are the amplitude of the dc
components. A3, B3, Arg3, and B, are the amplitude of the
third harmonic components.

Fig. 5 shows the tracking strategy of harmonic current orthog-
onal component with advance angle compensation for the g-axis.
In Fig. 5, i, and u represent the reference third harmonic
current vector and the third harmonic voltage vector at the
sampling time, respectively. u’ ;3 represents the third harmonic
voltage when the compensation voltage is applied, and u3; and
ug3 are the cosine and sine components of u’g3, respectively.

(25)
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The angle of u’;3 leading ug3 in phase is 2Af.. In order to
realize the accurate injection of harmonic current, it is necessary
to compensate the harmonic voltage completely. Therefore, 1’ ;3
needs to be completely compensated, which means that u43; and
ugo need to be orthogonally compensated. The compensation
voltage components on the g-axis are expressed as i 43 and uy 43.
In order to orthogonally compensate 1,31 and u43,, itis necessary
to advance the phase angle of #,3 and 1y, 3 by 6, and then obtain
Augz and Augsy. By applying Augz; and Au g, to the machine,
the complete compensation of harmonic voltage can be realized,
and then the accurate injection of harmonic current on the g-axis
can be realized.

Fig. 6 shows the structure of proposed harmonic injection
control strategy on g-axis. First, ANF is used to extract the
amplitude of the static component of the fundamental current
and the orthogonal component of the second harmonic current in
the g-axis, and they are taken as feedback values. The reference
value of harmonic current injection control is provided by (25).
For the static component error of the g-axis, the PI regulator is
used directly to adjust it. For the error of the amplitude of the
orthogonal component of the g-axis, according to (24) and (26),
the compensation voltage of the PI regulator is phase-shifted, so
that the second harmonic voltage can be accurately compensated
and the second harmonic current can be accurately injected in
phase and amplitude.

Finally, the compensation voltage of dg-axis can be obtained
by (26) shown at the bottom of the next page, and the total com-
pensation voltage can be expressed as (27). The tracking strategy
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TABLE I
PARAMETERS OF THE PROTOTYPE DC-BIASED-VRM

Parameters Description Value
ns Number of stator slot 12
n Number of rotor slot 10
R Phase resistance (Q) 0.088
Lo Static inductance component (mH) 1.72
L Alternating inductance component (mH) 1.04
isn Rated current (A) 19
Ten Rated torque (N-m) 2.55
ny Rated speed (r/min) 1500

of harmonic current orthogonal component with advance angle
compensation proposed in this article can completely compen-
sate the harmonic voltage, reduce the phase error of harmonic
current injection, and improve the stability of the control system.

Ud = Uqo + Augzr + Augs
= Uqo + Aqul + Aqug .
= 0o

s,

27)

<
SETS)

D. Overall Control Strategy of Proposed Harmonic Current
Injection

In Fig. 7, the output of PI regulator of the velocity loop
is adjusted to the amplitude of the fundamental current, and
then the reference values of fundamental current and second
harmonic current are obtained by using the novel distribution
strategy of harmonic current orthogonal component. The
harmonic current injector first extracts the amplitudes of the
feedback current component with ANF, and then adjusts the
static current amplitude error with PI regulator. Finally, the
compensated voltage is obtained by using the tracking strategy
of harmonic current orthogonal component with advance angle
compensation proposed in this article, and the switching signal
of the inverter is modulated and applied to the machine to
realize the accurate injection of the second harmonic current.

V. EXPERIMENTAL VERIFICATION

To verify the control effect of the improved harmonic cur-
rent injection control strategy, experiments were carried out on
dc-biased-VRM machine loading platform. The machine param-
eters are given in Table I. The device used in this article is shown
in Fig. 8. The proposed strategy is verified in TMS302F28377D
DSP. The control period of the controller is 20 KHz. The function
of the multi-channel recorder MSO8204 is to display and store
the current waveform of the machine. The load torque, speed and
power of the machine are displayed by the acquisition instrument
TR-10. The high-precision digital power meter PA310 is used
to record the current, voltage, and power of the inverter side.

First, the phase currents status of the proposed strategy and
the improvement of the output torque of the machine are verified
at speed of 1500 r/min and /,,,5 of 19 A. In Fig. 9(a), the ma-
chine output torque is 2.51 N-m under the conventional control
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strategy. However, in Fig. 9(b), the output torque of the machine
is enhanced to 2.73 N-m using the strategy proposed in this
article. When the second harmonic current is actively injected
into the winding, the theoretical average torque is increased by
9.21%, and the experimental average torque is increased by
8.76%. The experimental results are basically consistent with
the theoretical analysis, which verifies the correctness of the
theoretical analysis.

To verify that the proposed strategy can accurately control the
harmonic current, experiments were conducted at 1500 r/min
and I.ng of 19 A. In the experimental results, i4, iy, and i
represent the currents of d-axis, g-axis, and 0-axis, respectively.
Fig. 10(a) and (b) shows the FFT analysis of the dg0-axis and
phase currents using conventional and the proposed strategies.
In Fig. 10(a), i and iy only contain the dc current. The phase
current includes zero-sequence current and fundamental current.
This is also proved by FFT analysis. In Fig. 10(b), iy only
contains the third harmonic current, i, contains the dc current and
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Fig. 9. The torque and current comparison of the two control strategies at
1500 r/min and /,ms of 19 A. (a) Conventional strategy. (b) Proposed strategy.

the third harmonic current, and iy only contains the dc current.
The FFT analysis results of phase current show the amplitude
of each component. The zero-sequence current is 10.3 A, the
fundamental current is 18.8 A, and the second harmonic current
is 10.6 A, indicating that not only the zero-sequence current

Augzt = [K, 41 (A, g3 — Aaz) + Ky [ (A
Augzs = [K,45(B,g3 — Baz) + Ko |
Aqul = [qul(ArqBo Aq3) + Kiql f
Aqug = [quZ (quS - qu) + K iq2 f

B,, Bd3>dt]
AT Agz)dt][cos(36, + 240, + m/2)]
B,, qg)dt} [sin(36, + 2A0, + 7/2)]

3 — Agz)dt][cos(30, + 2A0, 4 7/2)]

sin(36, + 2A60, + 7/2)]

(26)
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Fig. 10. Comparison of the experimental results of two control strategies at
1500 r/min and I, of 19 A. (a) Conventional strategy. (b) Proposed strategy.

and the fundamental current are well controlled, but the second
harmonic current is also accurately controlled. Besides, a small
amount of fifth and sixth harmonics can also be seen. The copper
loss caused by these harmonic currents is very small, and the
impact on the output efficiency of the machine is also small,
so these harmonic currents can be ignored. In addition, it is
worth noting that in the FFT analysis results of the dg-axis, the
harmonics of iy and i, are almost third harmonics. Accurate
harmonic current injection can improve the output torque of
dc-biased-VRM.

Fig. 11(a) and (b) are obtained at 600 r/min and /s of
19 A, the speed of 2400 r/min and the machine output power
of 429 W, respectively. Fig. 11(a) is the result when the machine
speed is 600 r/min, and the currents of dg-axis are injected
with the third harmonic component of the same amplitude. The
FFT analysis of the phase current shows that the zero-sequence
current is 10.9 A, the fundamental current is 19.3 A, and the
second harmonic currentis 11.2 A, which meets the proportional
requirements of harmonic current distribution when the torque
is maximum. Fig. 11(b) is the result when the machine speed
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Fig. 11.  Comparison of the experimental results of proposed control strategy
at different speeds. (a) 600 r/min. (b) 2400 r/min.

is 2400 r/min, and the currents of dg-axis are also injected with
the same amplitude of the third harmonic component. The FFT
analysis of phase current shows that the zero-sequence current
is 7.1 A, the fundamental current is 12.9 A, and the second
harmonic current is 7.4 A, which also meets the requirements
of harmonic current distribution when the torque is maximum.
Therefore, the proposed strategy can achieve accurate injec-
tion of the second harmonic current at different speeds, en-
sure that the machine current accurately follows the reference
value, and provide guarantee for improving the machine output
torque.

In order to verify the improvement of the angle control accu-
racy of the harmonic current by the digital delay compensation in
the advance angle compensation strategy, a comparative exper-
iment was carried out under the condition of the machine speed
of 1500 r/min and the load of 2.71 N-m. Fig. 12(a) shows the
experimental result without digital delay compensation. It can be
seen that there is a large angle error between the feedback current
and the reference current in dg-axis. This angle error causes the
initial phase angle of the second harmonic current to be incorrect,
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Fig. 12. Comparison of experimental results using proposed current tracking
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which further leads to the decrease of the torque output capacity
of the machine. Fig. 12(b) shows the experimental result with
digital delay compensation, and the angle error between the
feedback current and the reference current in dg-axis is reduced,
which means that the initial phase angle of the second harmonic
current in the phase current is more accurately controlled, and
the smaller angle error also improves the stability of the control
system. In addition, after the application of digital delay com-
pensation, the ;s under the same load is also reduced, which
indicates that the efficiency of the machine is improved. The
peak-to-peak value of the phase current is reduced from 48.4 to
46.4 A, which will reduce the impact of current fluctuations on
the inverter.

Fig. 13 shows the changes of I,,,,5, output torque, and speed
of the machine when the proposed strategy is changed to the
traditional strategy. Before 28 s, the machine works under the
harmonic injection control strategy and has entered a stable
state. At this point, /;,s is 19.3 A, load torque is 2.76 N-m, and

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 10, OCTOBER 2024

Proposed strategy =9 Traditional strategy

Fig. 13.  Experimental results of switching from the proposed strategy to the
conventional strategy under 2.76 N-m load.

the speed is 1500 r/min. Switching to the conventional strategy
at 28 s, while keeping the speed at 1500 r/min and the load
torque at 2.76 N-m. After the machine enters steady state, [;,5
increases to 20.4 A. When the speed and load torque remain
unchanged, /,,,5 with the proposed strategy is lower than that of
the conventional control strategy, indicating that the proposed
strategy can improve the output torque of the dc-biased-VRM
while /s remains unchanged.

To test the dynamic performance of the proposed strategy, the
acceleration and load variation experiments were carried out.
In Fig. 14(a), the load is changed from 0.72 to 2.75 N-m at
1500 r/min. The results show that the speed drops temporarily
when the load changes but can soon be adjusted to the reference
value. The current overshoot of the g-axis and 0-axis is also
relatively small, indicating that the method has a strong anti-
interference ability while accurately controlling the current. In
Fig. 14(b), the load is 2.75 N-m and the machine speed gradually
increases from 1000 to 1500 r/min. This strategy can accurately
track the reference speed and has good dynamic response ability,
which is advantages from the use of ANF to detect the current
deviation dynamically.

With the increase of the machine speed, the frequency of the
second harmonic that needs to be injected will also increase,
which puts forward strict requirements on the performance of the
control strategy. The harmonic current orthogonal component
distribution strategy proposed in this article gives the static
reference value of harmonic current, and the harmonic current
can be adjusted effectively by using PI regulator. In addition, the
PIregulator’s output voltage signal is compensated with advance
phase angle strategy, which further improves the stability of
the control system. Therefore, the proposed second harmonic
injection strategy can improve the output torque in a wide speed
range, and further improve the efficiency of the machine. To
verify this conclusion, the I, is set to 19 A when the speed is
below 1500 r/min. When the speed is higher than 1500 r/min, the
output power of the machine is fixed at 429 W. The experiment
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Fig. 14.  Experimental results of dynamic performance of proposed strategy.
(a) Load variation. (b) Machine acceleration.

was repeated by changing the speed and recording the corre-
sponding output torque. In Fig. 15(a), when the machine speed
is 1500 r/min and 7,5 is 19 A, the per unit value of the machine
output torque is 1 using the conventional control strategy, and the
results show that when the machine speed is below 3000 r/min,
the output torque is increased by 8.76%, which indicates that the
proposed strategy has a good output torque improvement effect
in a wide speed range.

Due to the existence of second harmonic current, the energy
loss of the machine is slightly increased, but because of the im-
provement of current utilization, the output power of the machine
is greatly improved, as shown in Fig. 15(b), so in Fig. 15(c), the
overall efficiency of the machine is improved. In addition, the
efficiency of the inverter is further improved in Fig. 15(d), this
is because under the same experimental conditions, the input
power of the inverter is increased and the proportion of energy
loss in the total energy is reduced by using the strategy proposed
in this article.
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VI. CONCLUSION

This article presents an improved harmonic current injection
control strategy dc-biased-VRM based on current orthogonal
component distribution to enhance output torque. A novel dis-
tribution method of harmonic current orthogonal component
is proposed in the synchronous rotating coordinate system to
provide reference value of harmonic current injection, then the
feedback harmonic components of phase current are quickly
extracted by ANF and finally adjusted by PI regulator. Further-
more, in order to accurately track the harmonic reference value,
a tracking strategy of harmonic current orthogonal component
with advance angle compensation is proposed, which realizes
the complete compensation of harmonic voltage. Besides, the
angle error of harmonic current injection is reduced, and the
stability of the control system is improved. Finally, the accurate
injection of amplitude and angle of harmonic current is realized.

The experimental results demonstrate the superiority of the
proposed harmonic current injection control strategy. Compared
with the conventional control strategy, this proposed method
can accurately inject the second harmonic current into the stator
winding, and can increase the output torque of dc-biased-VRM
by 8.76%, further improving the current utilization rate and
output efficiency.
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