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Abstract—For high-power PWM current-source motor drive
systems, due to the low converter switching frequency and the
relative small dc choke for reduced cost/weight, the converters’
switching harmonics may interact through dc link and produce
interharmonics in the entire system. Such harmonics interaction
phenomenon may give rise to the system resonance at certain mo-
tor speeds, which degrades the grid-side power quality and gen-
erates excessive torque ripples on the motor side. The resonance
caused by the harmonics interaction in high-power PWM current-
source motor drives is investigated in previous study. In addition,
to actively suppress such resonance, the basic idea of a dc-link vir-
tual impedance-based suppression method has also been proposed.
This paper extends the previous study to thoroughly analyze the
mechanism and realization of resonance suppression by the dc-link
virtual impedance-based method. The in-depth analysis shows that
the dc-link virtual impedance-based method successfully enables
the active interharmonics compensation capability of high-power
PWM current-source drives, which is not addressed in previous
researches. Moreover, simulations and experiments demonstrate
that, by following the selection of coefficient in the suppression
method discussed in this paper, the dc-link virtual impedance-
based method can effectively enhance the attenuation effect of dc
link in high-power PWM current-source drive systems so as to
suppress the resonance due to the harmonics interaction under all
resonance conditions.

Index Terms—Current-source drives, harmonics interaction,
high-power converter, selective harmonic elimination (SHE), vir-
tual impedance.

I. INTRODUCTION

converter switching frequency is commonly confined to
a few hundred Hertz to reduce the switching losses, and the dc
choke is minimized to a reasonably low value (<0.8 p.u.) to
reduce the size, weight, and cost [1], [2]. An example topol-
ogy of PWM current-source motor drive systems is shown in
Fig. 1. In such a high-power drive system, the selective har-
monic elimination (SHE) scheme is commonly adopted, as it
can mitigate the low-order harmonics generated by the PWM
converters with a very low switching frequency. Nevertheless,
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with a small dc choke, the dc-link current harmonics (especially
the lower-order harmonics) generated by the current-source rec-
tifier (CSR) and the current-source inverter (CSI) cannot be
attenuated sufficiently. The distorted dc-link current will intro-
duce interharmonics in both the grid side and the motor side
through the converters. The introduced ac-side interharmonics
will further produce additional harmonics in dc link through
the CSR and the CSI. As a result, the process of harmonics
interaction between the CSR and the CSI through the dc link
may introduce interharmonics at various frequencies. Since a
three-phase capacitor is required to assist the commutation of
switching devices in PWM current-source system as shown in
Fig. 1, it forms a LC resonance in both the grid side and the mo-
tor side with grid-side line inductance and motor-side leakage
inductance, respectively. When the motor operates at certain
speeds, the frequencies of the introduced interharmonics can
become close to the ac-side LC resonant frequency that gives
rise to system resonance.

Regarding the harmonics interaction phenomenon in high-
power PWM current-source drive systems, [3] provides a thor-
ough investigation of its generation mechanism and excitation
of system resonance. According to [3], when the harmonics
interaction results in the system resonance, significant inter-
harmonics will be introduced in grid-side line current, dc-link
current, and motor-side stator current, which causes poor grid
power quality, extra system losses, and cumulative damage
or even immediate failure of mechanical system. Currently,
the mostly used method of system resonance suppression is
through passive damping, which involves additional costs and
losses in system and may aggravate the size and weight of
dc-link choke in high-power current-source drives. Therefore,
to avoid the resonance excited by the harmonics interaction,
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active resonance suppression is expected for the high-power
PWM current-source drive systems. It requires the commonly
used SHE scheme in high-power PWM drives to have the ac-
tive compensation capability of interharmonics. However, on
the one hand, since the modulation index of SHE scheme is
fixed in a fundamental cycle, the proposed active damping tech-
niques through regulating the modulation index of space-vector-
modulation (SVM)-based PWM converters [4]-[12] cannot be
applied. On the other hand, the proposed methods with focus
on the active compensation ability of SHE-modulated convert-
ers, the selective harmonics compensation PWM scheme [13],
[14], can realize the steady-state compensation of the harmon-
ics in the systems, but is unable to mitigate the interharmonics
resulted from the harmonics interaction. To suppress the reso-
nance caused by the harmonics interaction in high-power PWM
current-source drive systems, the basic idea of a dc-link vir-
tual impedance-based active suppression method is presented
in [3]. The dc-link virtual impedance, if designed and realized
properly, can compensate the system interharmonics through
the SHE-modulated PWM current-source converters, so that the
resonance excited by the harmonics interaction is effectively
suppressed.

As the effectiveness of the virtual impedance highly depen-
dent on the design and implementation techniques, this paper
extends the previous study in [3] to thoroughly investigate the
mechanism of the dc-link virtual impedance-based method to
realize the interharmonics compensation capability of SHE-
modulated PWM current-source converters, and achieve the
active suppression of resonance caused by the harmonics inter-
action in high-power PWM current-source motor drive systems.
Based on the investigation, the selection rule of the coefficient
in the dc-link virtual impedance-based suppression method is
discussed according to different resonance conditions. Exten-
sive simulations and experiments are provided in this paper to
demonstrate that the selection of coefficient guarantees effective
resonance suppression under all motor speeds.

II. DC-LINK VIRTUAL IMPEDANCE-BASED RESONANCE
SUPPRESSION METHOD

As aforementioned, to actively suppress the resonance caused
by the harmonics interaction in high-power PWM current-
source drives, a dc-link virtual impedance-based method has
been proposed in [3]. In this section, the idea of virtual
impedance is briefly reviewed.

According to [3], the root cause of harmonics interaction in
high-power PWM current-source drive systems is the weak at-
tenuation effect of the small dc choke on current harmonics
(especially lower-order harmonics). Therefore, if the dc-link
impedance could be increased, the rectifier-side harmonics and
the inverter-side harmonics will be decoupled so that the reso-
nance will be prevented from being excited by the harmonics
interaction. Furthermore, if the increase of dc-link impedance
could be virtually realized through the feedback of dc-link cur-
rent as illustrated in Fig. 2, the additional costs/losses and
the aggravation of size/weight involved with the physical

4647

Vi
Vder 1 Lge -
- Zn‘(:
M~ - T— 7 4 'i
e — e
) (virtual im pedance)
’
| 4
Z, Za Lie
(virtual impedance)
+ +

Fig. 2. Concept of virtual dc-link impedance.

increase of impedance can be avoided. In Fig. 2, vger, Vdei,
and 74, are the rectifier-side dc-link voltage, inverter-side dc-
link voltage, and dc-link current as shown in Fig. 1, and Z;. is
the real dc-link impedance.

Based on the virtual dc-link impedance concept, the dc-link
virtual impedance-based resonance suppression method can be
depicted as the dash block in a typical speed control scheme of
PWM current-source drives shown in Fig. 3. In such a speed
control system, the dc-link current is controlled through the
CSR (by delay angle « control) and the CSI is maintained with
a maximum modulation index (to minimize the dc-link cur-
rent so as to reduce losses). The CSR is modulated with SHE
scheme while the CSI adopts SHE at high motor speed and
SVM at low motor speed [15]-[18]. To realize the virtual dc-
link impedance concept, the dc-link current harmonics are fed
back to the rectifier-side firing angle 6,.., through a compen-
sation signal 001, shown in Fig. 3. The resonant filter in the
feedback channel is required to filter out the dc component and
the high-frequency noise harmonics in i4. so as not to affect
the original speed control scheme. To suppress the resonance
excited by the harmonics interaction, the passband frequency of
the resonant filter is selected at the frequency of the significant
harmonics in dc-link current, which are caused by the harmonics
interaction. Such frequencies can be accurately predicted by the
resonance estimation method proposed during the investigation
of the harmonics interaction in [3]. By doing so, the dc-link
current harmonics due to the harmonics interaction can be at-
tenuated, so that the harmonics interaction through the dc link
in high-power PWM current-source drives can be suppressed.
As a result, the resonance can be avoided being excited by the
harmonics interaction.

With respect to the dc-link virtual impedance-based suppres-
sion method, only the basic idea is presented in [3]. To effec-
tively apply this method, an in-depth analysis on the mechanism
of active compensation based on the SHE-modulated PWM
current-source converters and the realization of dc-link vir-
tual impedance to suppress the resonance in high-power PWM
current-source drives are important, and will be provided in the
following two sections.
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III. ENABLED INTERHARMONICS COMPENSATION CAPABILITY
OF SHE-MODULATED PWM CONVERTERS

As previously discussed, to realize the active resonance sup-
pression based on the dc-link virtual impedance concept, the
PWM converters need to be capable of actively compensating
the dc-link current harmonics. With respect to the resonance
caused by the harmonics interaction, the frequencies of the in-
troduced dc-link current harmonics are commonly neither inte-
ger multiple of grid-side fundamental frequency nor motor-side
fundamental frequency. Therefore, the SHE-modulated PWM
converters in high-power PWM current-source drives are fur-
ther required to have the interharmonics compensation capa-
bility. However, the previous researches related to the active
compensation capability of the SHE-modulated PWM convert-
ers [13], [14] only focus on the compensation of the harmonics
with integer multiple of ac-side fundamental frequency. In this
section, the advantage of the dc-link virtual impedance-based
method to enable the interharmonics compensation capability
of SHE-modulated converters will be analyzed in detail. It also
provides the fundamentals for the analysis of dc-link virtual
impedance’s realization discussed in next section.

In Fig. 3, the modulation functions of PWM CSR can be
defined as Sy, 4, Swrb, Swre for each phase

1,  the upper switch in phase k is on

Swri =< —1, the lower switch in phase k is on (k=a, b, ¢)

0, both switches in phase % is on/off.
ey

Then, the phasor of modulation functions can be obtained as

S :Z Mg ed (hrecteurn) (h=1,-57,-11,13,...)

h
2
where My, , and @, j, are the magnitude and initial phase of Ath-
order harmonics in SHE PWM pattern, respectively, 6. is the
rectifier-side firing angle as mentioned previously. The positive
h represents the positive sequence, and the negative & represents
the negative sequence. When 4 is negative, M, = =M, ()

and @, = —Psr(—h)-

de-
l‘-";“ﬁf ( reference T

FOC scheme

link current  Ojoror (speed reference)

Dc-link virtual impedance-based suppression method in typical speed control scheme of PWM current-source drives.

Consider the fundamental component S,,,,; (h = 1) in (2).
Since My,1 (also known as modulation index) is fixed around
1 and ¢, is designed to be 0 in SHE PWM pattern, we can
obtain (3) as

Smrl == 7jej(6mr ) .

3)

Before adopting the dc-link virtual impedance-based suppres-
sion method, we can obtain (4) according to Fig. 3

Qrec = wert — Q. (4)
Substituting (4) into (3), (5) can be obtained as
Sury = —jel(*r =) 5)

where wy, is the grid-side fundamental frequency; « is the delay
angle as mentioned previously. Note that the delay angle «,
which is the phase angle of fundamental component in SHE
PWM pattern, is used to control the dc-link current, and it will
be constant at steady state.

After using the dc-link virtual impedance-based method, a
compensation signal 6.omp is introduced into ;.. as shown
in Fig. 3. At steady state, it can be represented as an al-
ternating signal comp = Meomp SIN(Weompt + Peomp )» Where
Meomp> Weomp» and peomp are the magnitude, frequency, and
initial phase, respectively. Then, we can obtain the new rectifier-
side firing angle as

0. =

rec wsrt —a+ ecomp

(6)

Substituting (6) into (3), the new component generated by

= Wgt—a+ Mcomp Sin(wCOlllpt + <P(:omp)~

the fundamental SHE component S,,,; and the compensation
SHE,

wr

signal comp, defined as 3 , can be obtained as shown in (7)

GSHE; _

wr

0lc) wspt—a+Meomp $in(Weompt+Peomp))

= —jell .
(7

Taking Jacobi—Anger extension [19], (7) can be rewritten as

—jel(

ESHEI

wr

= 3 Jo(Megpy)e?@srt=e)
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where J(-) is the Bessel function. According to Bessel func-
tion properties, when M., is small, three approximations can
be achieved as Jo(Meomp) =~ 1, J1 (Meomp) = 0.5Mcomp, and
Jo(Meomp) =~ 0(k > 2). By utilizing these approximations, (9)
can be obtained from (8) as
e~ S S

wr_Ls

GSHE,
+Ser?s’

OSHE, __ c jwsrt—a)
Su:rl = —Je
where valjils A 0.5 Meomped (“3r ~@comp)i=a—pcom)

3‘5515129 ~ *j0-5Mcomp@j((w” +Weomp )=+ Peomp) )
(€))
It can be observed from (9) that, after adding the compensa-

tion signal 6.omyp, two sideband harmonics, GSHE: (left side)

wr_Ls
and SSHE (right side), are introduced around the new funda-

wr_Rs

mental component 3’5}}?1 Their magnitude (0.5 Momp), fre-
quency (ws, £ Weomp ), and phase angle (—a £ @eomp) are not
only all controllable through 6.0y, but also have a simple al-
gebraic correspondence to the magnitude (Mcomp), frequency
(Weomp), and phase angle (Ycomp) Of Ocomp. It enables the
real-time active compensation capability of the SHE-modulated
PWM converters. In addition, since their frequencies can be
arbitrarily adjusted by weomp, the SHE-modulated converters
can be further adopted to compensate the interharmonics in the
system. For example, according to Fig. 3, the two sideband har-
monics introduced by .oy in rectifier-side PWM pattern can
be combined with the grid-side voltage/current to compensate
dc-link current harmonics (with noninteger multiple of ac-side
fundamental frequency) in PWM current-source drive systems,
which will be elaborated in next section. Moreover, comparing
the new fundamental component in PWM pattern after adding

OSHE
ecomp» S !

wrl - in(9), with the original SHE fundamental compo-

nent, S,,,1 in (5), we can obtain that SEE? = Sur1. It means

that the modulation index and the fundamental phase angle are
not changed by 6.omp (the modulation index is maintained at
1 and the fundamental phase angle is still equal to the delay
angle «), and therefore, 0.,m, Will not affect the dc-link cur-
rent control as well as the speed control of PWM current-source
drives.

In the aforementioned analysis, to investigate the realization
of SHE-modulated converters’ interharmonics compensation
capability, we only consider the sideband harmonics introduced

by the SHE fundamental component Tswm and the compensa-
tion signal 0o, . Similarly, the harmonic components in SHE
PWM pattern will also produce the sideband harmonics after
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Fig. 4. Dc-link current control loop in speed control scheme shown in Fig. 3.

adding the compensation signal 6.,,. For example, the two

. . . GSHE, &SHE, .
nearest sideband harmonics, S/, and S, " 1 5» With frequen-

cies of hws, = weomp Will be produced by the hth-order harmon-

ics in SHE pattern S, after adding 6.omp. They may affect
the performance of interharmonics compensation and introduce
other unexpected interharmonics in the system. However, on
the one hand, since weomp Will be noninteger multiple of wy,

for interharmonics compensation, the frequencies of GSHE,

wr_Ls

and Si,ljg’és, hwsr £ Weomp, Will not be equal to the frequen-
—~ €] -

ciesof S, ;, and Si,}f%s, Wsr £ Weomp. Therefore, they will

not affect the performance of interharmonics compensation. On
the other hand, since the harmonic components in SHE pattern

(Swrn) are much less significant than the fundamental compo-

nent (S’W 1), the produced sideband harmonics will be insignifi-
cant that have an ignorable influence on the system when M,
is small.

IV. DETAILED ANALYSIS ON THE REALIZATION DC-LINK
VIRTUAL IMPEDANCE

As discussed in the previous section, the compensation signal
introduced into the converter’s firing angle can enable the in-
terharmonics compensation capability of SHE-modulated PWM
converter by the two sideband harmonics produced in PWM pat-
tern. In this section, to suppress the resonance caused by the har-
monics interaction, the realization of dc-link virtual impedance
through utilizing the two sideband harmonics will be analyzed
in detail.

A. Equivalent DC-Link Virtual Impedance Introduced by the
Resonance Suppression Method

According to Figs. 1 and 3, the dc-link current control loop in
the speed control scheme of PWM current-source motor drives
can be depicted as shown in Fig. 4. In Fig. 4, V; is the phasor of
grid voltage; [ ,, is the phasor of grid-side line current; [,,, is

the phasor of grid-side PWM current; V., is the phasor of grid-
side capacitor voltage; v4., and v4.; are the rectifier-side and
inverter-side dc-link voltage, respectively; R, Lg,, and Cy,
are the line resistance, line inductance, and filter capacitance in
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dc-link current harmonic with wg.;-frequency at steady state, : g 3 ) :
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suppress the harmonics interaction through the dc link so as to : gon Ao s/ |
avoid the resonance, the proposed dc-link virtual impedance- | e Sg"' P
base?d resonance suppression method is requllred to. increase the ! ”‘, Gm=% .
dc-link impedance at wg,.;, -frequency as mentioned in Section II. : T |-
Then, we can obtain that 0,y in Fig. 4 as (10). Note that K, Voo ¥ 1 I
is a tunable complex coefficient in the proposed resonance sup- S| Las+Ry
pression method to realize the magnitude amplification and the Vitci S
phase shift of ¢4, . Since the phase shift of an ac signal is usually
Fig. 7. Simplified diagram of dc link at w,.j, frequency.

realized in time domain through signal delay or differential
which may affect the system stability, K, is recommended as
a real coefficient in [3]. In the following analysis, we consider
K, as areal number

Hcomp =K1 Sin(wdcht + dech,)- (10)

Based on the modulation function theory [20], [21], the re-
lationship between the grid side and the dc link linked through
the PWM process can be obtained as

Iwr = Z'chwr = [idc S’uwa»idcsu,vrln ichwrc]

(11
Vder = f/cr L4 31w7‘ = UcraS’wra + vcrwarb + U(:rcswrc (12)

where vepq, Uery, and v, are the capacitor voltage of each
phase. Based on (11) and (12), the control diagram of dc-link
current loop shown in Fig. 4 can be described as Fig. 5.

By taking (10) into (9), we can obtain the two sideband har-
monics in PWM pattern produced by the resonance suppres-
sion method at steady state as shown in (13). In addition, as

discussed in the previous section, the resonance suppression
method will not affect other components in PWM pattern with
a small compensation signal. Then, Fig. 5 can be simplified to
Fig. 6

Si&?ﬁs ~ j0-5KrIdch€7'j((w‘l"’ —wsr Jttatpach )
13)
SE}},{E% ~ _jO.5KUIdc}I’€j((Wdch Fwsr)t—at@acn)

Furthermore, based on (11)-(13), it can be obtained that

the gi??ig and Si,}ff% will produce the rectifier-side dc-link
voltage harmonics at wy,;, frequency (defined as vg.;,) mainly
through three ways (defined as vy, 1, Vach2, Vichs, respectively),
and Fig. 6 can be further simplified to Fig. 7 at wg.;,. With re-

spect to v4.n1, it is generated by the fundamental component
in capacitor voltage, V.1, and the two sideband harmonics
GSHE: .14 GSHE,

wr_Ls wr_Rs

as shown in Fig. 7. Assuming that the grid
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voltage is harmonicless and neglecting the small voltage drop
on the line impedance in high-power drive systems, we can ob-

tain that ‘707.1 = ‘78 2 jVielsrt where Vj is the magnitude
of grid voltage. Then, based on (12) and (13), it can be obtained
that

1 OSHE 1 OSHE
Vcrl o Swr‘[is + Vcrl [ ] S !

Vdchl wr_Rs

(14)

Q

(_15KU‘/; sin a)Idch Sin(wdcht + %Odch)~

With respect to the generation of vg.;,2 and v4.3, according
to (11), the dc component in dc-link current, Ipc, will produce

two interharmonics in PWM current ([, ) with (wgen £ wsy)

frequencies through SSMF! “and SSTEL respectively, at first.

Then, through the grid-side circuit, the two interharmonics with
(wden £ wsy) frequencies will be produced in the capacitor volt-

age (V) correspondingly. The introduced two interharmonic
components in capacitor voltage generate vg.,o and vg.;3 at
dc link through the fundamental component in PWM pattern

(gw,.l). The grid-side circuit can be represented by the trans-
fer function G(s) = V., (s)

according to Fig. 6, it equals to (15) at harmonic frequencies.
Based on (11)—(13), vg.,2 and vg.p3 can be obtained as (16) and
(17), respectively

/}1,,r(s) as shown in Fig. 7, and

Ver(s Lg. s+ Rg, .
G@F:};;iszcﬁ§+;MCﬂ&+ﬂs#%MJ
(15)
vaens = (IpcSS1EL G ) o Surt
~ (0.75K,Ipc|G-|)Lich cos(Waent + @ach + £G-)
G- £ G(5) o= jwan o) (16)
Vdeh3 = (IDCBVEEE%SG+) © S,

Q

(—=0.75K,Ipc |G+|) Lich cos (waent + @ach + £G 1)

A
G+ = G(S) ’S:j(wdnlr+ws1'> {17

The division of v,.;, by the previously defined i4.p, (iger, =
Licnsin(waent + @acn)) can be considered as a virtual
impedance Z, introduced at dc link by the resonance suppres-
sion method as illustrated in Fig. 8. Based on (14), (16), and
(17), Z, can be obtained as (18). It can be observed from (18)
that 7, is related to the coefficient K, in the resonance suppres-
sion method. In the following analysis, according to different
resonance conditions, we will discuss the selection of K, to
enable the Z,’s attenuation effect on dc-link harmonics so as to
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Fig. 8. Illustration of dc-link virtual impedance introduced by the resonance
suppression method.

suppress the resonance caused by the harmonics interaction

Vdch
T =Zy = Zy1 + Zy2 + Zy3, where
dch

Zvl = vdchl/idch: - 15K1V; sin o

Zr? = Udch2/idch
=0.75K,Ipc |G| (cos (£LG-) cot(waent + ©ach)
—sin (LG-))
Z’L‘3 = UdchS/idch

—0.75K,Ipc |G| (cos (ZG+) cot(waent + Paen )
—sin (4G+)) .

(18)

B. Relationship Between K, and Z, Under Different
Resonance Conditions

In [3], an estimation method of resonance conditions in high-
power PWM current-source drives is proposed. It can accurately
predict the motor-side fundamental frequency (steady-state in-
verter operating frequency) at which the resonance will be ex-
cited by the harmonics interaction, and the frequencies of the
significant dc-link current harmonics caused by the resonance.
Based on the information provided by the estimation method, the
dc-link virtual impedance-based method realizes the attenuation
on corresponding dc-link current harmonics so as to suppress
the resonance caused by the harmonics interaction.

The estimation method of system resonance conditions can
be briefly illustrated by Fig. 9. In Fig. 9, the horizontal axis
represents the motor-side fundamental frequency (defined as
ws;), and the vertical axis is the frequency of dc-link harmon-
ics. As discussed in [3], the frequencies of the dc-link current
harmonics introduced by the harmonics interaction are only
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Fig. 9. Illustration of resonance conditions estimation method.

related to the PWM pattern of two converters and the motor-
side fundamental frequencies. Since the SHE PWM pattern is
offline designed and fixed during online implementation, the
frequencies of the dc-link current harmonics (wg.;,) are known
under different motor-side fundamental frequencies. The wg.j,
can be represented by the solid lines, and for the convenience of
explanation, only one of the lines is drawn in Fig. 9 which repre-
sents one of the dc-link current harmonics. The four dash lines in
Fig. 9 represent the grid-side LC resonant frequency (defined as
Wres_¢) plus/minus the grid-side fundamental frequency (w; ),
and the motor-side LC resonant frequency (defined as wyes_ar)
plus/minus the motor-side fundamental frequency (ws;). They
can be considered as the reflection of ac-side resonant frequency
to dc link through PWM process, and their overlap can be guar-
anteed not to occur with the selected ac-side filter parameters.
The system resonance will be excited when the solid line inter-
sects with the dash line as the four intersection points shown in
Fig. 9, and the corresponding motor-side fundamental frequency
and the frequency of the significant dc-link current harmonic
caused by the resonance can be known according to Fig. 9. To
suppress the resonance, the proposed method can be enabled
when the motor operates at the frequency (ws;) around each
intersection point, by selecting the passband frequency of the
resonant filter at the corresponding wg.;, on the solid line during
the online implementation (as shown in Fig. 4). If considering
the variation and inaccuracy of system parameters, the ac-side
resonant frequency (wyes_¢ and wyes_pr) may change so that
causes the shift of the dash lines in Fig. 9. Note that the solid
line has no relationship with the system parameters so as not to
be affected. As a result, the intersection points will shift along
the solid line. To avoid being affected by this issue, the proposed
resonance suppression method can stay active at any motor fun-
damental frequency (ws;), which can be simply realized by as-
signing the resonant filter’s passband frequency to be the value
of the solid line (wq.;) all the time. With respect to the reso-
nance conditions shown in Fig. 9, since wy.;, = wWres_q + ws, at
Point (1), it means that the system resonance is excited by the
(waen — wsy )-frequency interharmonics at grid side. Similarly,
the Points (2), (3), and (4) represent the system resonance re-
sulted from the (wq.;, — ws; )-frequency interharmonics at motor
side, (wyen + ws, )-frequency interharmonics at grid side, and
(Wgen + ws; )-frequency interharmonics at motor side, respec-
tively. At each intersection point, the relationship between Z,
and K, as shown in (18) can be further simplified as follows:
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1) Resonance occurs at motor side [Point (2) and Point (4)]:
Since the overlap of dash lines will not occur as mentioned
previously, the resonance will not be excited at the grid
side and the motor side simultaneously. Therefore, if the
resonance occurs at motor side, the two frequencies of the
grid-side interharmonics, (wgc;, — wsr) and (Wyen + Wsr )s
will be far from the grid-side resonant frequency. As a
result, the |G_| and |G| in (18) will be small, and the
virtual impedance Z, will be dominated by Z,; as shown
in (19)

Zy ~ Zy1=—1.5K,V,sina. (19)

2) Resonance excited by the (wq.;, — ws, )-frequency inter-
harmonics at grid side [Point (1)]: If the resonance oc-
curs at grid side by the (wq.n, — ws, )-frequency interhar-
monics, due to the significant amplification effect of the
grid-side LC resonance, Z,2 will be dominant. Moreover,
according to [22], the small dc choke in PWM current-
source system will result in a certain shift up of ac-side
resonant frequency so that the phase shift of the ac-side in-
terharmonics at resonant frequency will approach positive
90°. The ZG_ in (18) can be approximately considered
as 90°, and we can obtain (20) as

Zy & Zyo=—0.75K,Ipc |G_| . (20)

3) Resonance excited by (wqcn, + ws. )-frequency interhar-
monics at grid side [Point (3)]: Similarly, if the resonance
occurs at grid side by the (wg., + ws, )-frequency inter-
harmonics, we can obtain that

Zy &~ Zys= +0.75K, Ipc |G+ |- 21
C. Selection of K, to Enable Z,’s Attenuation Effect
on DC-Link Current Harmonics

As mentioned previously, K, is recommended to be a real
number. It can be observed that, after choosing K, as a negative
real number in (19) and (20) and a positive real number in (21),
Z,, becomes a virtually introduced resistance that can enhance
the attenuation effect of dc link on current harmonics, so that
realizes the active suppression of the resonance caused by the
harmonics interaction.

With respect to the magnitude of K, it is obvious that
the larger the |K,| is, the stronger resonance suppression
the Z, will perform. However, according to (10), the mag-
nitude of the compensation signal f.om;, equals to | K, Ly |
(Meowmp = |KyIgen]). The large |K,| will increase Meopp SO
that the approximations based on the Bessel function’s prop-
erties in Section III may be invalid, which may result in some
negative impacts on the system as follows:

1) Degrade the Suppression Performance

According to the aforementioned analysis, the virtual
impedance Z, shown in (18)—(21) is derived based on the ap-
proximation of Ji (Meomp) & 0.5 Meomp in Section III. Taking
Z,1 in (19) as an example, without this assumption, Z,; will
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TABLE I
PARAMETERS OF SIMULATION AND EXPERIMENTAL SYSTEM

Simulation  Experiment

Nominal power 1.15 MVA 10 kVA

Nominal grid voltage (line-to-line) 4160 V 208 V

Frequency 60 Hz 60 Hz

Grid-side line inductance (L, ) 0.12 p.u. 0.15 p.u.
Grid-side filter capacitance (C'y,. ) 0.43 p.u. 0.40 p.u.
Dc choke (L) 0.46 p.u. 0.58 p.u.
Motor rated voltage (line-to-line) 4000 V 208 V

Motor rated power 1100 hp 2.67 hp

Motor rated speed 1190 rpm 1720 rpm
Motor-side filter capacitance (C'y;) 0.32 p.u. 0.20 p.u.
Motor stator leakage inductance (L ;) 0.14 p.u. 0.35 p.u.
Motor stator resistance (R ;) 0.015 p.u. 0.18 p.u.
Motor magnetizing inductance (L, ) 421 p.u. 4.66 p.u.
Motor rotor leakage inductance (L, ;) 0.14 p.u. 0.35 p.u.
Motor rotor resistance (R, ;) 0.011 p.u. 0.07 p.u.
Load torque (71, ) 3000 Nm 1.53 Nm

Fig. 10.  Analysis of |K, |'s influence on the virtual impedance based on a
high-power PWM current-source drive application.

be as

Zy=—3J1 (KvIdch) Vi sin O‘/Idch~ (22)

Note that polarity of K, is selected to be negative in this case
as mentioned previously. When | K, | increases, according to the
property of .J; (-), the linear approximation will lose effective-
ness gradually; and when it is further increased, the monotonic-
ity of J; (+) will be lost and the polarity may even be changed.
If so, the suppression performance of Z, will be degraded, and
Z, may even result in detrimental effect with the selected po-
larity of K, . Take a real high-power PWM current-source drive
application for example, the parameters of which are listed in
the column “Simulation” of Table I. Fig. 10 shows the influence
of |K,| and I;., on Z,; under the rated condition. It can be ob-
served that, when | K, | is large, the linear relationship between
Z,1 and | K| as shown in (19) will lose effectiveness and 7,
even drops as | K, | increases. Such problem will be aggravated
when I, is larger and | K, | is further increased.

For the other two conditions, Z, ~ Z,» in(20)and Z, ~ Z,3
in (21), since |G_| and |G | will be significant when resonance
occurs, the expected linear region between Z, and |K,| will
further shrink.

2) Affect the Motor Speed Control
The conclusion that 6., Will not affect the modulation in-

dex of PWM converter is obtained by comparing SSHEL i )

wrl
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Modulation index M,

Fig. 11.  Analysis of |K,|'s influence on the modulation index based on a
high-power PWM current-source drive application.

with S,,-1 in (5). Such conclusion is based on the approxima-
tion of Jy(Mecomp) =~ 1. However, when | K, | increases, such
approximation will become invalid and the J; (-) will be far less
than 1 with a large | K, |. As a result, the modulation index will
be significantly altered by 6.mp,, Which will affect the motor
speed control. Considering the previously-mentioned drive sys-
tem as an example again, the influence of |K,| and I;.; on
CSR’s modulation index (Mj,.1) under rated condition is shown
in Fig. 11. We can observe that the large | K, | will significantly
deviate the modulation index from 1 (the modulation index of
the SHE scheme is fixed at 1 as mentioned previously). If ne-
glecting the system power loss, the voltage drop on grid line
impedance and the system harmonics, (23) can be obtained at
steady state based on the system active power balance as

Rnotor

1-5‘/SIDCMW1

where P ot0r 18 the active power consumption of the motor.
Since the dc component of dc-link current (/pc) is controlled
to track the reference I4._.f, Which is generated by the motor
drive FOC scheme as shown in Fig. 3, it has no relationship
with the CSR’s modulation index (Mj,1). As a result, according
to (23), the significant deviation of M,,; will greatly change
the delay angle «, which will affect the dc-link current con-
trol. Furthermore, the decrease of M,,.; will increase the cosa
at the left-hand side of (23). Since the value of cosa has an
upper limit of 1, the significant deviation of M,,; may even
break the system active power balance as shown in (23). There-
fore, the large |K,| may even result in the instability of the
motor speed control after adopting the proposed suppression
method.

(23)

CoOsx =

3) Introduce the Unexpected Interharmonics in the System

During the analysis of SHE-modulated converters’ interhar-
monics compensation capability enabled by the 0.om,p,, We only
considered the two nearest sideband harmonics produced by

SHE,

the fundamental SHE component and the 0oy, Sw,Ls and

S?LE%S, and neglected other sideband harmonics in far region.

This is based on the approximation of Ji, (Mcomp) =~ 0 (k > 2).
However, such approximation will also be invalid when |K, |
increases, especially for the second nearest sideband harmon-
ics. According to (8) and (10), the second nearest sideband
harmonics will have the magnitude of |.J5 (K, I4.; )| and the fre-
quencies of (wg, &+ 2wy, ) with respect to the dc-link virtual
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Fig.12.  Analysis of | K, |’s influence on the interharmonics in grid-side PWM
current based on a high-power PWM current-source drive application.

impedance based method. When | K, | is large, their magnitude
cannot be ignored. Reacting with the dc-link current, it may
introduce significant (w;, & 2w,.;, )-frequency interharmonics
with the magnitude of Ipc|Ja (K, Lycn )| in grid-side PWM cur-

rent [ ,,,.. For the drive application mentioned previously, Fig. 12
shows the influence of | K, | and I;.; on the magnitude of such
interharmonics (/1 in Fig. 12 is the magnitude of fundamen-
tal grid-side PWM current). It can be observed that the large
| K, | will result in the significant (ws, + 2wg.j, )-frequency in-
terharmonics in grid-side PWM current. Since wg, £ 2wg.j, are
comparatively low frequencies as can be observed in next sec-
tion, the grid-side LC circuit cannot effectively attenuate such
interharmonics, so that the interharmonics with the same fre-
quencies will be introduced into the grid-side line current which
will affect the grid power quality. Besides their influence on
the grid side, such second nearest sideband harmonics will also
react with the grid-side capacitor voltage to produce interhar-
monics in dc link and may further introduce interharmonics in
motor side through CSI.

Moreover, other sideband harmonics in PWM pattern pro-
duced by the harmonic SHE components and the 6.0, may
also result in unexpected interharmonics in the system with a
large | K, |. With respect to the drive application, their situations
are similar to Fig. 12.

As a result, the magnitude of K, has to be selected with
consideration of the above tradeoff.

V. SIMULATION RESULTS

To verify the analysis of the dc-link virtual impedance-based
resonance suppression method in this paper, the simulation
is conducted on a 1.15 MVA/4160 V/60 Hz PWM current-
source induction motor drive application, and the system pa-
rameters are listed in Table I. The nine-pulse SHE scheme
is used in CSR, and adopted in CSI when motor operates at
high fundamental frequencies. Its harmonic content is shown in
Fig. 13.

The estimation of system resonance conditions with respect
to the simulation system can be illustrated by Fig. 14 (the grid-
side and motor-side resonant frequency, wres_¢ and wyes_as, are
calculated to be 285 and 228 Hz, respectively). The explanation
of Fig. 14 can refer to Fig. 9. To suppress the resonance caused by
the harmonics interaction, the dc-link virtual impedance-based
method is adopted around each intersection point in Fig. 14. For
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Fig. 13.  Harmonics content of the adopted nine-pulse SHE PWM pattern.
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Fig. 14.  Estimation of resonance conditions for the simulation system.

the coefficient K, in the suppression method, according to the
analysisin Section IV (part B), when the solid lines intersect with
the first (uppermost), second and fourth (lowermost) dash line,
K, is selected to be a negative number; and when the solid lines
intersect with the third dash line, K, is selected to be a positive
number as shown in Fig. 14. With respect to the selection of K’ s
magnitude (|K,|), the three aspects discussed in Section IV
(part C) need to be considered. According to the discussion
based on this simulation system as the example (see Figs. 10—
12), | K, | is selected to be 0.008 in this section as shown in
Fig. 14. Note that the selection of | K, | is analyzed at the rated
condition of the drive system in aforementioned discussions.
The appropriate range of | K, | can be extended according to the
normal operation conditions.

Fig. 15 shows the simulation results of steady-state grid-side
line current harmonics, dc-link current harmonics and motor-
side stator current harmonics under different motor-side fun-
damental frequencies (without using the suppression method).
It can be observed that, without attenuation of harmonics in-
teraction, the resonance will be excited at certain motor-side
fundamental frequencies and result in significant interharmon-
ics in entire system as the high peaks shown in Fig. 15. Fig. 16
shows the simulation results of the grid-side line current, dc-
link current and motor-side stator current after adopting the
proposed suppression method with the selection of K. Com-
paring Fig. 16 to Fig. 15, we can observe that the dc-link virtual
impedance concept is effectively realized by the proposed res-
onance suppression method at all resonance conditions and any
motor speeds, as the high peaks in Fig. 15 are greatly attenuated
in Fig. 16. It verifies the analysis in this paper.
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Fig. 15.  System current harmonics before using the resonance suppression 1 cp04.

method [3].
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To further verify the validity of the analysis, plenty
of real-time experiments have been carried out on a
10 kVA/208 V/60 Hz PWM current-source induction motor
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drive prototype. The parameters of the experimental system are 240 ama
listed in Table I, and the same nine-pulse SHE pattern as in the
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simulation section (see Fig. 13) is used for both the CSR and
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(wres_¢ and wyes_ )y are calculated to be 261 and 209 Hz, re-

spectively, based on the parameters of experimental system). Fig. 17. Estimation of resonance conditions for the experimental system.
According to Fig. 17, when motor fundamental frequency is at
53 Hz, the two dc-link current harmonics with 318 and 192 Hz
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MAGNITUDE OF HARMONICS BEFORE AND AFTER SUPPRESSION

TABLE II

Before Suppression

After Suppression

Grid-side line
current (% of
fundamental)

Fundamental = Fundamental =
13.68 A 1375 A
252 Hz 258 Hz 252 Hz 258 Hz

2.18% 3.27%

1.20% 1.01%

Dec-link current

Dc component =

Dc component =

(% of dc 4502 A 4475 A
component)
192 Hz 318 Hz 192 Hz 318 Hz
3.68% 7.30% 1.89% 2.12%
Motor-side Fundamental = Fundamental =
stator current (% 8.108 A 8.157 A
of fundamental)
139 Hz 245 Hz 139 Hz 245 Hz
3.12% 1.88% 1.60% 0.45%
265 Hz 371 Hz 265 Hz 371 Hz

2.11% 1.66% 1.45% 1.33%

are close to the first dash line and the third dash line, respectively,
which will be greatly amplified by the system resonance. To
suppress these harmonics, the proposed resonance suppression
method is required to virtually increase the dc-link impedance at
both the 318 and 192 Hz (0o includes two components with
318 and 192 Hz, respectively, which can be realized by two
sets of K, and resonant filter as shown in Fig. 3). Following
the same procedure of K, s selection for the simulation system
in Section V, we select K, = —0.1 for the 318 Hz component
and K, = 40.1 for the 192 Hz component, respectively, with
respect to the experimental system.

Figs. 18 and 19 show the waveforms and FFT analysis of the
steady-state grid-side line current, dc-link current and motor-
side stator current at 53-Hz motor-side fundamental frequency
before using the suppression method. It can be observed that
significant 318 and 192 Hz harmonics are contained in dc-link
current as shown in Fig. 19(b). In addition, through the fun-
damental component in CSR’s modulation function (60 Hz)
and the fundamental component in CSI’s modulation function
(53 Hz), the corresponding 258 Hz (= 318 Hz — 60 Hz) and
252 Hz (= 192 Hz + 60 Hz) interharmonics are significant
in grid-side line current as shown in Fig. 19(a), and 371 Hz
(= 318 Hz + 53 Hz), 265 Hz (= 318 Hz — 53 Hz), 245 Hz
(=192 Hz + 53 Hz) and 139 Hz (= 192 Hz — 53 Hz) interhar-
monics are significant in motor-side stator current as shown in
Fig. 19(c). Since the 378 Hz (= 318 Hz + 60 Hz) and 132 Hz
(= 192 Hz - 60 Hz) interharmonics are far from the grid-side
resonant frequency, they are not obvious in grid side. After
adopting the proposed suppression method with the selection
of K, the waveforms and FFT analysis of the system currents
are shown in Figs. 20 and 21, respectively. The magnitude of
those harmonics before and after using the suppression method
is summarized in Table II according to the FFT analysis in
Figs. 19 and 21. We can observe that the proposed method signif-
icantly mitigates the dc-link current harmonics so that attenuates
the harmonics interaction phenomenon in PWM current-source
drive system, which can be observed from the greatly attenuated
interharmonics at both the grid side and the motor side.
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VII. CONCLUSION

In this paper, an in-depth study of the dc-link virtual
impedance-based resonance suppression method is presented.
The mechanism of the interharmonics compensation capability
of SHE-modulated PWM current-source converters enabled by
the dc-link virtual impedance-based method is thoroughly in-
vestigated. Based on the investigation, more detailed analysis
is provided on the realization of the dc-link virtual impedance.
In addition, in order to enhance the attenuation effect of dc
link on the harmonics interaction, the selection of coefficient in
the suppression method is also discussed according to different
resonance conditions in high-power PWM current-source drive
systems. Simulation and experimental results demonstrate that,
with the coefficient selected by following the analysis in this pa-
per, the dc-link virtual impedance-based method can effectively
increase the attenuation effect of dc link on current harmonics so
that reduces the harmonics interaction in PWM current-source
drives through the dc link, and therefore, suppress the resonance
resulted from the harmonics interaction.
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