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Linear Modulation Region Expansion Strategy
Based on Voltage Vector Angle Regulation for
PMSM Drives With Small DC-Link Capacitor

Runfeng Gao"”, Dawei Ding
Qiwei Wang ¥, Member, IEEE, Guoqiang Zhang

Abstract—Modulation fluctuations will decrease the linear op-
eration range and cause the reduction of dc-link utilization for
reduced dc-link capacitance motor drives. In this article, a novel
strategy for expanding the linear modulation region based on
voltage vector angle regulation is proposed. The phase relationship
between the voltage reference and the dc-link voltage fluctuation
is carried out creatively to clarify the reduction of linear mod-
ulation margin. Based on the impedance matching method, the
linear modulation region can be expanded by reducing the phase
differences with the regulation of voltage vector angle. According
to parameter and performance analysis of the proposed method,
the dc-link utilization can be improved by 13.2%. Experimental
results validate that the effectiveness of the proposed method.

Index Terms—DC-link voltage fluctuation, linear modulation
margin, reduced dc-link capacitance drives, voltage vector angle.

1. INTRODUCTION

ERMANENT magnet synchronous motor (PMSM) has

been widely applied in transportation, household appli-
ances and other industrial conditions, which contains advan-
tages, such as convenient control and high power density [1], [2],
[3]. The film capacitor is less affected by temperature and can be
applied in the dc-link to improve the system lifetime [4], reduce
the volume and enhance the reliability through eliminating the
power factor correction circuit and reducing the system size [4],
[5], [6]. In recent years, many researches have paid attention to
reduced capacitance drivers in the industrial applications such as
the commercial air-conditioners and the integrated pumping [4],
[5], [6]. However, the decrease of dc-link capacitance will lead
the dc-link power difficult to be maintained, which aggravate
the energy coupling between the grid and the motor sides. The
dc-link voltage and the grid current are inevitably introduced
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significant fluctuation. Hence, some challenges occur, such as
the deterioration of dc-link utilization [7], [8].

The dc-link voltage utilization determines the voltage output
capacity of the motor, whose control is a key technology in the
drive system with small dec-link capacitors [9]. Usually, PMSM
can be regarded as a constant power load, which will aggravate
the stability problem and introduce the additional ripples into the
dc-link voltage [10]. The dc-link voltage fluctuation generates
additional harmonics into the total dwell time of voltage vectors,
which causes the system to enter the overmodulation region
earlier [11], [12]. The reduction of the linear modulation margin
will import additional ripples into the motor voltage and results
in the reduction of voltage utilization [12]. The utilization of
dc-link voltage is necessary to prevent the motor voltage output
of the drive system from being saturated [13]. Hence, some
effective methods have been proposed to improve the motor side
performance and the utilization of dc-link voltage.

Generally, the improvement methods for dc-link utilization
can be divided into two categories [14], the hardware topology
methods [13], [14] and advanced control methods [15], [16].
The hardware methods vary the topologies of drive, which have
the characteristics of robustness. In [17], a nine-switch boost
inverter (NSBI) for multiphase drives was applied to replace
the conventional voltage-source inverter. Compared with other
topologies, the NSBI requires less input dc-link voltage to
drive the motor. In [18], the required technology and construc-
tion features of the solid-state transformers were designed to
improve the output ability of dc-link side, which can further
increase the stability and economic operation of drive systems.
In [19], a single dc source-based hybrid three-phase inverter
was proposed, which possessed optimal switch count and high
dc-link voltage utilization. In [20], a fault-tolerant multiphase
multilevel inverter (MPMLI) configuration was proposed to
improve the output performance in normal and failure condition.
Compared with other inverters, the MPMLI can drive the PMSM
with less dc-link voltage under the same operation condition.
However, the above methods were realized through adding
additional power electronic devices, which increases the volume
and cost of the system [21].

Compared with the hardware topology methods, the advanced
control strategies do not require additional devices, and have the
advantage of more flexibility. In [22], the finite control set model
predictive control was improved only using the large vectors
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to evaluate the cost function, which can reduce common-mode
voltage and increase the margin of output voltage. In [23], a
unique method based on the injection of zero-sequence voltage
harmonics was applied in the sliding mode control of PMSM
drive, whichincreases the voltage utilization by 15%. Aninverter
control method based on enhanced virtual synchronous machine
(eVSM) was proposed in [24]. The drive system with eVSM
can obviate the need for large dc-link capacitance. In order to
improve the utilization and dynamic performance under the fluc-
tuated dc-link voltage, a direct instantaneous power predictive
control method was proposed through the power analysis in [25].

The above strategies are mainly applied to the large dc-link
capacitance drive in which the dc-link voltage fluctuation is
lower [26], [27]. In the drive system with slim film capacitors,
the serious ripples of the dc-link voltage introduce additional
fluctuation to the modulation module, which leads the distortion
of motor voltage [28], [29]. Hence, the feedback from the
instantaneous value of dc-link voltage is widely applied in the
vector modulation strategy, which can be mainly applied for
active damping schemes [30], [31] and flux-weakening schemes
[11], [33]. In [30], the damping voltage command could be
generated by the dc-link voltage, which was injected into the
voltage vector command to ensure the suppression effect of grid
harmonics. In [31], the harmonics of dc-link voltage at specific
frequencies was regulated according to the impedance analysis,
which aimed to improve the power quality of grid current. How-
ever, active damping methods for stability control are usually
applied through varying the amplitude of the voltage vector,
which further decreases the dc-link voltage utilization [30], [31].
Therefore, more effective methods are required to expand the
linear modulation region and improve the dc-link utilization
[32]. In [33], the dc-link voltage closed-loop was combined with
the adaptive fuzzy logic speed controller, which could prevent
the influence of dc-link ripple on the dc-link utilization. In [11],
a field-weakening method based on a closed-loop of dc-link
voltage with adjustable maximum voltage margin was proposed.
The torque and speed fluctuation can be reduced by 85%, which
ameliorate the voltage utilization. In [12], the voltage reference
of space vector pulse width modulation (SVPWM) was switched
between the actual dc-link voltage and the fixed voltage to
reduce the additional harmonics of motor voltages and currents.
However, these methods are difficult to be applied directly for
enhancing the dc-link utilization in the linear modulation region.

In this article, a novel linear modulation region expansion
strategy based on the voltage vector angle regulation is proposed
for PMSM drive with small film capacitors to improve the
voltage utilization. According to an impedance model of the
system, the phase difference between the voltage vector har-
monics and the dc-link voltage harmonics at the same frequency
is derived, which explains the generation of modulation index
harmonics in linear modulation region. Based on an impedance
matching method, the modulation index harmonics can be sup-
pressed through regulating the phase differences, which further
improves the dc-link utilization by 13.2% in liner modulation
region. Compared with the existing solutions [22], [23], [24],
[25], the equivalent regulated signal on the voltage reference
can vary adaptively with the operation condition. Experimental
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Fig. 1. Topology of the three-phase PMSM drives with slim film capacitors.

verification is carried out on an electrolytic capacitorless PMSM
drive.

II. INFLUENCE OF REDUCED DC-LINK CAPACITANCE ON
INVERTER MODULATION

A. Modulation Harmonics Caused By DC-link Fluctuation

The topology of the three-phase input PMSM drive with slim
film capacitors is shown in Fig. 1. Due to the use of slim film
dc-link capacitor, the dc-link voltage u4. cannot be maintained
as a constant value, which can be denoted as

00
Ude = Uqe,0 + Z Uge,xsin (kagt + gOk) (1)
k=1

where Ugc o is the average value of the dc-link voltage, Uqc, i
and ¢y, are the amplitude and phase of kth harmonics, w, is
the angular frequency of the grid voltage. It can be seen that the
dc-link voltage fluctuates with six times the frequency of the
grid voltage.

In SVPWM, ug,.r is composed of a zero vector and two
adjacent basic voltage vectors. The total dwell time of basic
voltage vectors in one sector can be expressed as

o[ (1) 3] @

\/g |usref‘ Ts .
—S1

Udc_s

Ty =T;+Tip1 =

where T; and T; 1 are the dwell time of two basic voltage vectors
in the ith sector, respectively. T, is the total dwell time, T is the
switching period. uq4._ is the sampled dc-link voltage, 6., is the
angle of the voltage vector reference. M(x, y) is the function of
obtaining the remainder of x divided by y.

The total dwell time T, remains consistent in each sector.
Hence, its fundamental frequency is six times of the frequency
of voltage vector according to (2). Assuming the initial phase is
zero, the fast Fourier transform of T, can be presented as

T,

cos(6kwet).

3)

- 3\/g |usref‘ T _ i 6\/3 |usref| T
TUde_s n—=1 77(36k2 - 1)udc_s
where w, is the angular frequency of the voltage vector.
Due to the large periodical fluctuations in the dc-link voltage,
harmonics at the same frequencies may emerge in the motor
voltage. Hence, the modulation index m is obtained as

\/§|usref‘
m=———

Udc_s

= Mo+ Y Mysin(6kwyt + ogi)  (4)
k=1
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where My, My, and ¢4, are the average value of the modulation
index, the amplitude, and phase of kth harmonics, respectively.

According to (3) and (4), the total dwell time will fluctuate due
to the dc-link voltage, and harmonics at the frequency of 6kw,
6(kow4-k1w,), and 6(kow ,+kiw,), which can be expressed as
(5). This phenomenon will reduce the voltage utilization of the
drive, since the system is more likely to enter the overmodulation
region

Tv o0 3Mk ) o0 6M000$(6kwet)
7= Z . sin(6kwyt + @gr) — Z B3R —1)
k=1 k=1
00 00 3M, /7‘(' ]
DYy (36’%’%72—1){5m [6 (kawg+k1we) t+@gk, ]
k1=1ko=1
+ sin [6 (k'2wg - klwe> L+ (pgkz]} + SMO/TF' (5)

According to [12], the fluctuation of the basic vector causes
the size of the voltage boundary hexagon to vary with the
fluctuation on the dc-link voltage. In order to get rid of the
influence of the dc-link fluctuation, a modulation vector m is
defined as

\/gusref \/guaref . \/guﬁref

Udc_s

=M +jms  (6)

Udc_s Udc_s

where uqref, Ugrer, Mo, and mg are the reference voltages and
modulation index in «3-axes, respectively.

According to (6), the amplitude of the basic modulation vector
is a constant value, which means that the modulation boundary
hexagon is fixed as the dc-link voltage fluctuates. From (2),
the maximum modulation index my; in the linearly modulated
system satisfies

1
sin[M (0,,7/3) +7/3]
In this article, an indicator named the linear modulation
margin M, is defined as (8) to show the modulation region,
which can be regarded as the distance between the modulation
boundary hexagon and the operation area of modulation vector
1
sin [M (0, 7/3) + /3]

(7

mp; =

Mpar = my; —m =

— | Mo+ Mysin(6kwgt + @gr) | . (8)
k=1

According to (8), the linear modulation margin with different
modulation conditions is shown in Fig. 2. The system is located
in linear modulation region if My, ,, is larger than zero, which
is shown in Fig. 2(a). Otherwise, SVPWM enters the overmod-
ulation mode, which is shown in Fig. 2(b).

The influence of the dc-link voltage fluctuation on the modu-
lation index can be demonstrated as shown in Fig. 3(a). Due to
the wide-range fluctuations of the modulation index, SVPWM
will enter the overmodulation region earlier. The linear modula-
tion margin under different voltage vector angles and harmonic
amplitudes of the dc-link voltage are shown in Fig. 3(b). As can
be seen, the linear modulation margin varies in a wide range with
different angles of voltage vector. For example, the system will
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Fig. 2. Linear modulation margin with different modulation conditions.
(a) Linear modulation. (b) Over modulation.

Fig. 3.  Modulation index under fluctuated DC-link voltage. (a) Schematic
diagram in over modulation region. (b) Linear modulation margin.

locate in overmodulation even if Uqc ; is small, when 6, is 20°.
The situation is revised if 6, is 35°, the system is always located
in linear modulation region. The phenomenon shows that, the
investigation of the angle of the voltage vector is necessary to
improve the liner modulation margin.

The linear modulation margin can be simplified as the mini-
mum value, which is denoted as

1

{sin [M (0,,7/3)+7/3] m}mm =1 M
©)

Mmar =

where M.« 1s the maximum modulation index.

According to (9), the drive system is linearly modulated as the
linear modulation margin is lower than zero. The reduction of the
linear modulation margin will introduce additional fluctuation
into the voltage vector. The distortion of the voltage vector
will reduce M, which means the fundamental voltage at linear
modulation is smaller and the dc-link utilization is lower.

B. Analysis of Linear Modulation Margin Based on
Impedance Model

In order to figure out the quantitative influence of modulation
index harmonics caused by the dc-link voltage fluctuation, the
small-signal model of drive system is carried out. The motor
voltages in dg-axes are related to the voltage command and the
dc-link voltage [30], [31]. The relationship between the actual
and the reference voltages can be yielded

Ud| _ Ude |Udref| _ Udc,O + Auge
Uq Udc_e | Ugref Ude.o + e 15T Aug,
where uq._. is the equivalent sampled dc-link voltage, Aug. is

the small signal variations of the dc-link voltage, ug  and ug, grer
are the actual and the reference voltages in dg-axes, respectively.

|:udref:| (10)

Ugref
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According to (10), the small signal variations of the actual
voltages Auy , can be expressed as

|:A'U/d:| . |:Audref:| 4 (1 - 671'55Ts) Auge [Udrefp
Auyg B Atgrer Uac,0
where U gret,0, Ugref,00 Al gref, and Augrer are the averages and
the small signal variations of the reference voltage in dg-axes,
respectively.

As can be seen in (11), the fluctuated dc-link voltage will
cause additional harmonics in the motor voltage. For system
modeling, the motor side should be taken into consideration as
well. According to the voltage equations of the motor, the small
signal model of the motor can be denoted as

Aug|  |[Rs+ Lgs —welL, Aiyg
Aug| | weLq Ry + Lys| |Adg

where L4, L, and R, are the dg-axes inductances and the
stator resistance, respectively, Aiy and Ai, are the small signal
variations of actual currents in dg-axes.

As for vector control system, the reference voltages are gen-
erated by the current controllers, which can be presented as

et B =] ot ]
13)

where G4, Gg, igres, igref, id, and i, are the transfer functions
of current controllers, the reference and the actual currents in
dg-axes, respectively.

The transfer function of the current controllers can be pre-
sented as

Uqref,O

] an

12)

K; K;
Gd:Kpd"‘Td’Gq:Km"‘ .

(14)
S

where K4, Kpq, Kiq, and K, are the proportional and integral
gains of the current controllers, respectively.

Generally, the bandwidth of the speed loop is one tenth of that
of current loop. Hence, the small signal variations of reference
currents can be regarded as 0. The reference voltages can be

expressed as

et gl | e

From (11), (12), and (15), the transfer function between the
stator currents and the dc-link voltage can be presented as

Ag — sT. Udre s
{Wd (8)} - [Aui] L e [Rﬁzdgicd} (16)

5)

A'Lq gref,0
Wq (S) A'Uzdc UdC,O R5+LqS+Gq

where W 4(s) and W () are the transfer functions between Aig 4
and Augc, respectively.

According to (15) and (16), the relationship between the
reference voltage and the dc-link voltage are expressed as

)] = o [ i) o

Then, the amplitude of voltage vector reference can be ex-

pressed as
— .2 2
|u81‘€f| = A/ Ugres T Ugref-

(18)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 7, JULY 2023

0
a -
=2
o
=]
2
g 30— 20N'‘m
S — — 25N'm
= 40F [T 30N'm
#xOQ Simulation results
-50
200
~ loor
5
=2
g o
<
=
=
-100p

-200
107 10
Frequency (Hz)

Fig. 4. Bode diagrams of G4(s) under different torques.

By linearizing (18), the small signal variation of the voltage
vector reference can be presented as

Udref,0 AUdref + Ugref,0 AUgref

A |usref| ~ (19)

Usref,O

where Alug.ef| is the small signal variation of the amplitude of
voltage vector reference, Usref o 1S the average of the amplitude
of voltage vector reference.

Combining (17) with (16) and (19), the transfer function G(s)
between the voltage vector reference and the dc-link voltage can
be expressed as

A U] _ | Udret.0 (weLqUqref,0 — Udret 0Gd)

G. (s) =
(S) Audc RS + Lds + Gd
 Ugrer 0 (weLgUarer,o + Ugret 0Gy) | 1 — 71557
RS + qu + Gq USTef,OUdC,O :

(20)

Setting the motor speed at 60 Hz, the Bode diagrams of G(s)
under different torques are shown in Fig. 4. It can be seen that, the
magnitude of the impedance model is approximately consistent
with that of simulation results at the frequencies of 6w, and
12w, In this article, the grid voltage is 380 V, 50 Hz. Besides,
the phase difference between the voltage vector harmonics and
the dc-link voltage harmonics is 180° at the frequency of 6w,
which means the maximum value of the voltage vector reference
and the minimum value of the dc-link voltage appears at the same
time.

The relationship among linear modulation margin with differ-
ent phase differences of the harmonics in uq. and |t s..cf| is shown
in Fig. 5. The modulation fluctuation increases to the maximum
value when the phase error is 180°, which deteriorates the linear
modulation margin. That means the dc-link voltage utilization
will be reduced as analyzed in Fig. 2. Hence, it is necessary to
suppress the modulation index fluctuation by adjusting the phase
difference.
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Block diagram of the proposed linear modulation region expansion

III. PROPOSED LINEAR MODULATION REGION
EXPANSION STRATEGY

A. Scheme of Voltage Vector Angle Regulation

According to the above analysis, the modulation index fluc-
tuation is occurred due to the phase difference between the
voltage vector harmonics and the dc-link voltage harmonics at
the same frequency. Hence, the harmonics of modulation index
can be suppressed through adjusting the phase difference at the
frequencies of 6w, and 12w,. Thus, a linear modulation expan-
sion strategy is proposed by only manipulating the angle of the
voltage vector reference, which is shown in Fig. 6. The regulated
angle A, can be constructed by the amplitude and phase of
the extracted dc-link voltage harmonics through the correction
components M;_;(s) and M4_s(s). The voltage references in
af-axes are generated by the modified voltage angle.

Considering that the modulation index harmonics at the fre-
quencies of 6w, and 12w, are the main reasons for the reduction
of the linear modulation margin, the angle of the voltage vector
reference 6, is superimposed with the addition harmonics at the
same frequencies, which is expressed as

= 0, + Agsin (6wyt + @ue) + Arosin (12wyt + ©y12)
(20

where 0., and A#, are the voltage angle after regulation and the
regulated angle, A6, and A0, are the harmonics of regulated
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Fig. 7. Schematic diagram of voltage space vector angle regulation.

angle at the frequencies of 6w, and 12w,, Ag, A12, Yus and
w12 are the amplitudes and phases of the harmonics of A6,
and Af,,5, respectively.

The equivalent reference voltages ugref_r and ugrer_, are
illustrated in Fig. 7, which can be expressed as

Ugdref » = |Werer| cOS (6, + AG,,
dref | refl . ( ) (22)
Ugref_r = |usref‘ s (gu + Aau)

From (22), the relationship between the voltage references in
dg-axes with and without the strategy can be presented as

sinAﬁu} |: Udref :|

Uadret_r,0 + Agret r | _ [cOSAG,
cosAb, Ugref

Ugret_r,0 + AUgrer sinAd,,

where Udref_'r',O’ Uqref_r,Ov Al'tdref_ra and Al'tqref_r are the
averages and small signal variations of the equivalent reference
voltages, respectively.

The amplitudes of the regulated angle A and A2 are small
enough compared with the voltage angle. According to the
Bessel function [34], (23) can be rewritten as

Udref_r,O + Au(iref_r — Udref,O + Auairef - Uqref,OAou
Uqref_r,O + Auqref_r Uqrcf,O + Auqref + Udrcf,OAgu '
(24

As shown in Fig. 7 and (24), the regulation of voltage angle is
equivalent to introduce additional small-signal voltages in dg-
axes. The amplitude of the introduced small-signal voltages in d-
axis and g-axis can vary adaptively with the operation condition.

The regulated angle can be generated from the harmonics
at the frequencies of 6w, and 12w, from the sampled dc-link
volage. The harmonics of dc-link voltage ugc_s,1 and ugc_s 2
can be extracted by two band-pass filters BPF1 and BPF2, whose
center frequencies are 6w, and 12w, respectively. They can be
expressed as

Ude_s,1 = Udc,lsin (GWgt + 1 — 3&191_15.) (25)
Uge 5.2 = Ude asin (12w,t + g — 6w, Ts)

The transfer functions of BPF1 and BPF2 are expressed as

o 681wys
Bi1(5) = wrg,w, e 13007 06)
B2 (S) — 1252&195

82-{-1252“19 s+144w§
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where B1(s) and By(s) are the transfer functions of the band-
pass filters, £; and &, are the bandwidths of BPF1 and BPF2,
respectively.

In order to generate the regulation angle in (21) with the
voltage harmonics in (25), the transfer functions of the correction
components should be matched

L (AG,1) L (Al,2)
L (ugc s1) L (ude s,2)

where M;_1(s) and M ;_5(s) are the transfer functions of cor-
rection components, L(-) is the Laplace transformation.

According to the frequency characteristics of M,_1(s) and
M ;_5(s) as shown in (A1), the transfer functions of the correc-
tion components can be expressed as

Md_l (S) = ,Md_g (8) = (27)

Mg (s) =K1 (0059(171 + 93(’#8)

4 . (28)
M, (s) =Ko (COSQd_Q + Sllnjiﬁjs)
Then, the regulation angle can be expressed as
Aby, (s) = M4 1B (8) uge_s
+ M, 2B () uge s = Grad (8) Ude (29)

where Gy,,4(s) is the transfer function between the regulated
angle and the dc-link voltage.

B. Parameter and Performance Analysis of the
Proposed Method

In order to obtain the optimal control effect, the parameters
of correction components need to be analyzed. The impedance
model after applying the method is applied to analyze the har-
monics of modulation index, which can be regarded as the basis
for parameter design. Substituting (24) into (11), the small signal
variations of the actual voltage in dg-axes with the proposed
strategy can be expressed as

Auyg _ Agrer — Uqref,OAeu
Auq AUqref + Udref,OAeu

+

(1 - e,1.5sTs) Auge {Udrefvo} . (30)

Ud070 Uqrcf,O

According to (15) and (30), (16) can be represented as (31)
after using the proposed strategy

—Ugret,0

w w RiFLasiGa

{dead] = {Wd} + G le%ﬁiﬁtGd] 31
qmad ‘ RoFL,stGy

where Wgmaa(s) and Wp,,q(s) are the transfer functions be-
tween Aig, and Aug. after applying the linear modulation
expansion method.

Then the ratio of the equivalent reference voltages and the
dc-link voltage can be expressed as

Auclref_v"/Audc _ —GqW gmad — C’JeLqVquad
Auqref_r/AudC weLdemad - Gqumad

e G (32)

Udref,O
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Fig. 8. Magnitudes of Kgmaq(s) with different amplitudes and phases of
correction components. (a) At the frequency of 6w,. (b) At the frequency of
12wy,.

From (19), (31), and (32), Gsnaq(s) can be rewritten as

o Gmad Uqref,O (weLquref,O - Udref,OGd)
Gsmad - Gs -
Usref,O Rs + Ld'S + Gd
Udre eLqUdre Ugre G
i dret,0 (WeLgUdrer,0 + Ugref,0G ) (33)
Rs+ Lys+ Gy,

where Ggp.q(s) is the transfer function between Alug,.¢| and
Aug. with the proposed strategy.

According to (33), the relationship between the modulation
index and the dc-link voltage can be derived as Kg,aq(s)

=

\/g (Udc,OGsmad - Usref,06_0'5STS)
K (5 ) 72 .
dc,0
(34)

According to (33) and (34), the amplitude and phase of
M, _1(s) and M;_o(s) can be theoretically designed with the
guidance of K,.q(s) at the frequencies of 6w, and 12w,,. The
magnitude of K4 (j6w4) with different amplitudes and phases
of M 4_1(s) is shown in Fig. 8(a). |Ksmad(jéwg)| is reduced from
—57 to —86 dB when K7 and 6,_; are set as 2.2e-3 and 72°,
respectively. The magnitudes of Ky,aq(j12w,) with different
amplitudes and phases of M ;_,(s) are demonstrated in Fig. 8(b).
|Ksmad 712wy )| is decreased from —55 to —79 dB when K5 and
04_o are set as 1.8e-3 and 30°, respectively, which illustrates
that the control method can reduce the harmonic of modulation
index at the frequencies of 6w, and 12w 4, effectively.

Substituting the designed parameters of correction compo-
nents into (34), the Bode diagrams of Kj,,,,4(s) before and after
applying the proposed method are shown in Fig. 9. It can be seen
that the magnitudes of Ks,,q4(s) at the frequencies of 6w, and
12w, are reduced to —89 and —85 dB, which ameliorates the
linear modulation margin.

The harmonic at the frequency of 6w, in the dc-link voltage
leads to the dominate fluctuation in the modulation index. Hence,
the linear modulation margin M,,,,, can be expressed as

\/gUsref,O
Uqc,o

=1- MO - Udc,l . ‘Ksmad (]6wg)| .

Mmar =1 — Udc,l . IKsmad (]60‘)(])'

(35)
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Fig. 10. Maximum amplitude of the fundamental motor voltage under differ-
ent powers and harmonic of DC-link voltage.

From (35), the average value of the maximum modulation
index Mo max in the linearly modulated system is

MO,max =1- Udc,l . ‘Ksmad (.76wg)| . (36)

The influence of the control method on the utilization of
dc-link voltage should be analyzed. From (36) and (AS5), the
maximum amplitude of the fundamental motor voltage at the
linear modulation can be expressed as

Uamax,O = \/Ugc,o[l - Udc,l |Ksmad (j6wg)H2+(U6+U12)2

(37
where U max,0 1S the maximum amplitude of the fundamental
motor voltage at the linear modulation, Ug and Ujs are the
amplitude increments introduced by the regulated angle at the
frequencies of 6w, and 12w, respectively, which are shown in
(AS).

According to (37), the maximum amplitude of the fundamen-
tal voltage under different motor frequencies and harmonic of
dc-link voltage are shown in Fig. 10. Due to the fluctuation of
dc-link voltage, the maximum amplitude of the motor phase
voltage without control is reduced to 270 V as the harmonic
amplitude of dc-link voltage increases to 50 V. The linear mod-
ulation expansion method can increase the maximum amplitude
to over 300 V, which can maintain the control performance under
the variation of motor power.

From [35] and [36], the overmodulation and the nonlinear
factors of the inverter operation will introduce the harmonics
at the frequencies of (2k + 1)w, in the reference voltage. Due
to the fluctuation of the dc-link voltage, the motor currents and
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Fig. 11. Bode diagrams of Z,,mad(s) before and after applying the method.

voltages exist additional harmonics at the frequencies of 6kw.,
6kw 4, and 6(kow y3-k1w.), which can be expressed as

n
idq = Z L4,qq,k8i0(6kwgt + @a,qgk)
k=1

+ Iy ge kSIn(6kwet + P gek)

+ Z Z{Id,q+,(k1,k2)5in [6 (kowg+k1we) t+0a g (k1,k2)]
k1=1ko=1

+ La g (k1,k2)8i0 [6 (kowg — k1we) t+0a g (k1.62)] } +1d,q,0
(38)

where 1, and I, are the average values of the motor cur-
rents in dg-axes, Iq,qg,k: Pd,qgk> 1d,qe,k Pd,qeks Ld,q+,(k1,k2)>
Od,q+,(k1,k2)» Ld, g, (k1,k2), and © g ¢ (k1,x2) are the amplitudes
and phases of the dominated harmonics in dg-axis motor cur-
rents, respectively.

The harmonics related to the motor speed are generated by
the inverter side. According to the power balance of the inverter,
the input impedance of the inverter can be denoted as (39) after
applying the proposed strategy

7 _ AUde  [3W gt (Uaso+we Lalg.o+Lalaos+1aoRs)
mmad — . — 2U,
AZinv de,0
I‘ —1
3W ot (Ug.0—weLalaotLoly 05+ Tq0Rs)  Linv,0 39
+ 20ac0 U 39)
? dc,0

where I,y 0, Ug,0, and U, o are the average values of the inverter
current and the motor voltages in dg-axes, respectively, Aijny
is the small variation of the inverter current. Z,,.q(s) is the
transfer function of the input impedance.

The straight line in Fig. 11 shows the Bode diagram of
Z umad(s) without the proposed method. The magnitude is over
20 dB at the frequencies of 6kw. and 6(ksw,4kiw,), which
means the dc-link voltage exists other harmonic components
caused by the inverter operation.

As the operation frequency satisfies the condition in (40), the
frequencies of the harmonics caused by the inverter operation
are equal to 6kw,, which affects the amplitudes and phases of
the 6th-order components caused by rectifier side

We = kgwg/k1. (40)
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The dash line in Fig. 11 shows the Bode diagram when
applying the proposed method, and the inverter generates the
harmonics at the frequency of 6kw, in the dc-link voltage. As
can be seen, the magnitudes at the frequencies of 6w., and
12w, can be reduced by 3.5 dB. Meanwhile, the magnitude
at the frequency of 6w, can be decreased from 28 to 23 dB,
which illustrates that the linear modulation region expansion
strategy can reduce the dc-link harmonics caused by the inverter
operation.

In order to further analyze the dc-link voltage ripples caused
by the rectifier side, the transfer function of the voltage relation-
ship G mad(s) can be presented as

_ Auge(s) 1
Augree (s) 1+ (Lgs + Ry) [Z:nlmad + Odcs]
(41)
where Au gy is the small signal variation of the rectifier output
voltage, L, and Cqy. are the line inductance and the dc-link
capacitance, respectively.

The Bode diagrams of Gymaq(s) with different values of
dc-link capacitance are shown in Fig. 12. The magnitudes at
the frequencies of 6kw, decrease as the capacitance increases,
which means the magnitudes of the dc-link ripples are reduced
as well. The dash line shows the Bode diagram with the proposed
method, and the magnitudes at the frequencies of 6w, and 12w,
can be reduced by 4 dB. That means the proposed strategy
can extend the linear modulation region without increasing the
dc-link voltage ripples.

G yimad (5)

IV. EXPERIMENTAL RESULTS

The performance of the proposed method is verified on a
5.5 kW experimental platform of the drive system equipped with
slim film capacitor shown in Fig. 13. The film capacitor and filter
inductance are selected as 30 F and 2.5 mH, respectively. The ac
input of the inverter is 380-Vrms (50 Hz). The motor parameters
of Ly, Ly, Ry are 7.5 mH, 17.2 mH, and 0.265 (2, respectively.
The whole control algorithm is realized by the digital controller
TMS320F28075. The switching cycle T is 1.25e-4 s. The test
PMSM is connected with a load PMSM using a shaft. The load
PMSM is working in the regenerating mode, and the regenerated
power is consumed in a resistor.
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Power analyzer

Fig. 13.  Experimental platform of the PMSM drive system equipped with slim
film capacitors.
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Fig. 14.  Experimental results at the operation frequency of 74 Hz. (a) Enable
the proposed strategy. (b) Zoomed view with the proposed strategy. (c) Zoomed
view without the proposed strategy.

Fig. 14(a) shows the experimental results at the operation
frequency of 74 Hz. The waveforms from the top to the bottom
are the dc-link voltage, the total dwell time of voltage vector,
and the amplitude of voltage vector, respectively. The total dwell
time before control reaches 1.25e-4 s, meaning that the system
operates in the overmodulation region. The control strategy
leads to the total dwell time less than 1.25e-4 s, which means
the SVPWM is operating in linear modulation. Meanwhile, the
peak-to-peak value of the voltage vector amplitude is decreased
from 64.2 t0 40.9 V, and the voltage distortion can be suppressed.
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Fig. 15.  Experimental results of dwell time and modulation index at the motor
frequency of 74 Hz. (a) Fourier analysis of dwell time without the method. (b)
Fourier analysis of dwell time with the method. (c) Modulation index in a3-axes
without the method. (d) Modulation index in «/3-axes with the method.

Fig. 14(b) and (c) are the zoomed view of experimental
results with and without the proposed strategy. The fluctuation
frequency of the voltage vector amplitude is the same as that
of the dc-link voltage. The maximum value of voltage vector
amplitude is synchronous with the minimum value of dc-link
voltage. The phase difference between the two fluctuations is
180°, which leads to the deterioration of modulation index.
The fundamental frequency of total dwell time is six times of
the motor frequency as analyzed in Section II. The maximum
value of the voltage vector amplitude corresponds to that of the
dc-link voltage, which can suppress the amplitude of modulation
fluctuation from 0.50e-4 s to 0.30e-4 s effectively.

Fig. 15(a) and (b) are the Fourier analysis of total dwell time
with and without the proposed strategy at the motor frequency of
74 Hz. As shown in Fig. 15(a), the dwell time of basic voltage
vectors contains the fundamental component at the frequency
of 444 Hz and other harmonics at the frequencies of 300 and
600 Hz. The frequencies of main harmonics are the same as
those in the dc-link voltage. The linear modulation expansion
method can reduce the harmonics at the frequency of 300 and
600 Hz from 1.08e-5 s and 0.24e-5 s to 0.18e-5 s and 0.14e-5 s,
respectively. The modulation index in «5-axes with and without
the strategy are shown in Fig. 15(c) and (d). Without the proposed
method, the amplitude of the modulation index will locate in the
boundary of the hexagon, which means the system enters the
overmodulation region, as shown in Fig. 15(c). After applying
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Fig. 16.  Experimental results at the operation frequency of 62 Hz. (a) Enable
the proposed strategy. (b) Modulation index in a/3-axes without the method.
(¢) Modulation index in ar8-axes with the method.

the proposed method, the fluctuation of modulation index falls
from 0.22 to 0.10. The amplitude of the modulation index will
not reach the boundary of the hexagon at the same operation
condition of the motor, which means the linear modulation
region is enlarged.

For the aim of proving the control performance in the linear
modulation region, experimental results at operation frequency
of 62 Hz are shown in Fig. 16. Before applying the proposed
method, the maximum value of the total dwell time is less than
1.25e-4 s, which means that the system is linear modulated. The
expansion strategy can decrease the maximum dwell time from
1.14e-4 s to 1.02e-4 s, which increases the linear modulation
margin. As can be seen in Fig. 16(a), the peak-to-peak value
of the voltage vector amplitude is restrained from 44.8 to 27 V.
Fig. 16(b) and (c) show the a/3-axis components of modulation
index. The modulation index fluctuation is suppressed from 0.18
to 0.07, and the distance between the boundary hexagon and the
amplitude of modulation index are increased after applying the
method, which results in the improvement of linear modulation
margin.

In order to evaluate the performance at the time point of
enabling the proposed strategy, the waveforms of the dc-link
voltage, the voltage vector amplitude, the motor position and the
motor speed are shown in Fig. 17. It is seen that the peak-to-peak
value of the motor speed ripple falls from 56 to 24 r/min, and
there is no overshoot during the enabling process. As aresult, due
to the expansion of the linear modulation region, the fluctuation
of the dc-link voltage and the speed can be reduced effectively.

Fig. 18 shows the experimental results of attainable motor
frequency in linear modulation. It can be known from Fig. 18(a)
that the attainable motor frequency is 71 Hz without the method,
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Fig. 18.  Experimental results of attenable motor frequency. (a) Without the

control method (71 Hz). (b) With the control method (80 Hz).

which is operating when the linear modulation margin is close
to 0 with the serious distortion of dwell time. Fig. 18(b) show
the results after applying the proposed method, the modulation
index ripples are suppressed while the attainable frequency
reaches 80 Hz when the linear modulation margin is close to 0.
Consequently, by applying the proposed method, the attainable
motor speed can be increased by 12.7%. The amplitude of a-axis
voltage increases from 265 to 302 V, which means the utilization
of dc-link voltage can be improved by 13.2%.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 7, JULY 2023

80 Fourier analysis of 4. 2 “Fourier analysis of uy.
uge(V) (V)
120,
0 L 0 L L I ol Ll
0 Ro-120, 625 1250 0 60w, 625 12w, 1250
f(Hz) f(Hz)
% (a) (b)
Fourier analysis of g, Fourier analysis of ug.
ug(V) ug(V)
120,
0 I | 0 A 1L |
0 2w-120, 625 1250 0 6w, 625 120, 1250
f(Hz) f(Hz)
© (@
Fig. 19. Fourier analysis of DC-link voltage at the operation frequency of

75 Hz. (a) Without the method. (b) Zoomed view of (a). (c) With the method.
(d) Zoomed view of (c).

g (125V/div) g (125V/div)

@/(300r'min”"/div)

... @¢(300r-min® '/di\f)'

7,(0.25¢-4s/div) TSN m/div)

u,(300V/div)
Time (1 s/div)
(a) (b)

u,(300V/div)
Time (1 s/div)

Fig.20. Dynamic experimental waveforms of the proposed method. (a) Speed
dynamic process. (b) Load torque dynamic process.

Fig. 19(a)—(d) are the Fourier analysis of dc-link voltage with
and without the proposed strategy at the operation frequency of
75 Hz. The dc-link voltage contains the components from the
rectifier at the frequencies of 300 and 600 Hz, and other harmon-
ics from the inverter at the frequencies of 450 and 900 Hz. The
linear modulation expansion method can suppress the harmonics
at the frequencies of 450 and 900 Hz from 0.96 and 0.98 V to
0.01 and 0.58 V, respectively. Meanwhile, the amplitude of the
harmonics at the frequency of 300 Hz is also reduced from 78.2
to 48.5 V.

The experimental waveforms of variable speed operation are
shown in Fig. 20(a) when the motor speed varies from 1240 r/min
to 1480 r/min and back to 1240 r/min. It can be seen from the
region of rising that the amplitude of dc-link voltage fluctuation
increases from 74 to 81 V, which is on the contrary in the region
of declining.

Fig. 20(b) shows the experimental waveforms when the load
torque varies between 25 and 32 N-m. The stability of motor
speed is not be deteriorated, and there is no drop of dc-link volt-
age during the torque and speed variation. Hence the proposed
method maintains stable control performance in the applications
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Maximum value of modulation index under different motor frequen-

with more tolerance of dynamic performance, and torque and
speed ripple.

In order to enhance the performance of the braking process,
the dual antiovervoltage method shown in [37] is applied with
the proposed strategy. Fig. 21 shows the experimental results
when the speed decreases from 45 to 5 Hz. The dc-link voltage
is controlled around 640 V during deceleration process. Con-
sequently, the speed deceleration time can be reduced to 0.34 s
from 45 to 5 Hz, which means the dynamic performance of the
regeneration operation has been regulated effectively.

Fig. 22 shows the maximum value of the modulation index
under the condition of different operation frequencies. As can be
seen, SVPWM will enter the overmodulation region when the
motor frequency is 65 Hz without applying the proposed method.
The maximum value of the modulation index can be reduced by
over 0.1 with the proposed method in whole frequency range,
and the frequency boundary of the linear modulation is improved
from 65 to 85 Hz.

Fig. 23(a) shows the maximum value of the of attainable motor
frequency under different values of load torque. As can be seen,
the maximum motor frequency will reduce to 65 Hz when the
load torque increases to 36 N-m without applying the proposed
method. The maximum value of attainable motor frequency can
be improved by over 5 Hz with the proposed method in the torque
range between 22 and 36 N-m.

Fig. 23(b) shows the copper loss under different values of
load torque. The power loss of the stator resistance will become
over 200 W when the load torque increases to 32 N-m before
applying the proposed method. The copper loss can be reduced
by over 13 W with the proposed method applied.
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V. CONCLUSION

In this article, a voltage vector angle regulation based linear
modulation expansion method is investigated. The dc-link volt-
age ripple introduced additional harmonics to the modulation
index, which causes the additional fluctuation of motor voltage
and the reduction of voltage utilization. The influence of the
dc-link fluctuation to the amplitude of voltage vector reference
was analyzed mathematically, and the phase differences between
the voltages causes the harmonics of modulation index. The
harmonics of dc-link voltage was applied to regulate the angle
of voltage space vector through the correction components.
According to the small-signal model of the drive system, the
harmonics of modulation index can be suppressed and the dc-
link utilization can be improved through applying the control
method. Experimental results verified that the amplitudes of the
modulation index harmonics caused by dc-link fluctuation was
reduced by 80%, and the dc-link utilization was increased by
13.2%. The proposed method can improve the operation range
and the margin of motor voltage output in the linear modulation
region, which can be also applied in the configurations with
single-phase bridge rectifier system feeding different types of
motor.

APPENDIX

From (21) and (25), the frequency characteristics of M 4_; (s)
and M ;_»(s) at the frequencies of 6w, and 12w, are expressed
as

M 1 (jbwy) = Kq (cosbq 1 + jsinf, 1) (A1)
Mg 5 (j12wy) = Ko (cosby_o + jsinf, o)
where
Kl = Ufsl 5 ed,l = Pu6 — Y1 — 3ngs
o A (A2)
2 = g bae = puiz — g2 — 6w, T
The a-axis motor voltage can be expressed as
Ug = Mugesin (wet + 6, + A6,,)
A~ muge [sin (wet + 0,,) + Abycos (wet + 6,,)]  (A3)

where u, is the a-axis motor voltage.
Substituting (1) and (4) into (A3), the a-axis motor voltage
contains the harmonics at the frequencies of w,, (6kwg-w.)
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and (6kw ,+w.). The fundamental component of a-axis motor
voltage can be expressed as

Uq,0 = M()Udc7osin (wet + eu) + (Uﬁ + Ulg) cos (wet + Gu)

(A4)

where u, ¢ is the fundamental component of a-axis motor volt-
age. Ug and U, can be presented as

(1]

(2]

(3]

(4]

[3]

(6]

(71

[8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

Us = 0.5A6 [MoUqc,1c08 (01 — ¢ug)
+ M1Udc,0008 (g1 — $u6)]
Uiz = 0.5A12 [MoUqe,2€08 (02 — Pu12)
+ M2Uac,0008 (g2 — Pu12)]

(A5)
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