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Abstract—Load converters with inertial support are used to
enhance the system inertia. However, these converters may fail to
operate stably in the weak grid. In this article, sequence impedance
modeling and stability comparison analysis are proposed for the
load virtual synchronous machine (LVSM) and the load converter
with virtual inertia control (LCVIC). First, the universal sequence
impedance formulas are derived by considering dc-link voltage
dynamics and frequency-coupling effects. Then, the precise se-
quence impedance models are built for impedance characteris-
tics analysis of LVSM and LCVIC. The analysis shows that the
positive-sequence impedance of LVSM is generally inductive in
the middle-frequency band, which is basically consistent with the
grid impedance. In contrast, the positive-sequence impedance of
LCVIC is negative-resistive-capacitive (i.e., phase angle is between
—180° and —90°) in the middle-frequency band, which may lead
to harmonic oscillation in the weak grid. Furthermore, the effects
of grid impedance, load power, and other control parameters on
the stability are analyzed for the two load converters based on the
derived model and Nyquist stability criterion. The analysis results
reveal that LVSM has better stability than LCVIC in the weak
grid. Finally, the experimental results validate the correctness of
the theoretical analyses.

Index Terms—Harmonic oscillation, load converter, sequence
impedance modeling, stability analysis, virtual inertia, weak grid.

1. INTRODUCTION

ENEWABLE energy sources and load converters are in-
R creasingly connected to modern power systems, such as
photovoltaic power generation, wind power generation, motor
drive systems, high-voltage direct current (HVdc) transmission
systems, etc. [1]-[4], leading to the weakened system inertia.
To address this issue, the virtual synchronous machine (VSM)
technology is proposed in [5], which mimics the inertia and
droop mechanisms of the synchronous generator. Moreover, the
VSM technology is suggested by several other authors to control
load converters [6]-[11]. In [6], a novel load VSM (LVSM)
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control strategy is proposed to get rid of the synchronization
unit for pulsewidth modulation controlled rectifiers. In [7], the
LVSM is proposed to achieve the goal of stabilizing dc-link
voltage under the unbalanced voltage condition. As for HVdc
systems, the LVSM is proposed for the sending-end rectifier
in [8] and [9], which enables it to provide inertial support for
the utility grid during the dynamic process. Moreover, the load
converter with virtual inertia control (LCVIC) is proposed in
[10] and [11], which is realized by proportionally linking the
dc-link capacitor voltage with the grid frequency.

Another significant problem is that the load converters may
fail to operate stably in the weak grid [9], [11]-[15]. To reveal
this issue, the closed-loop transfer function model of the rectifier
station is built for the parameter design and the stability analysis
of the LVSM in [9], which indicates that the virtual moment
of inertia and the proportional integral (PI) gains can directly
impact on the phase margin of the system. In [11], the stability
analysis is proposed for the LCVIC based on the closed-loop
dc-link voltage transfer function, which reveals that the virtual
inertia control may induce instability to the power converters
under weak grid conditions. Moreover, the impedance models
of the load converter are developed in the synchronous reference
(d—q) frame in [12] and [13], which indicates the instabil-
ity issues induced by the constant power load behavior and
phase-locked loop (PLL) dynamics. Nevertheless, these derived
models overlook the impact of the dc-link voltage control on
cross-couplings between d- and g-axis dynamics. Thus, the
d—g domain impedance model including the dc-link voltage
dynamics is developed for the load converter in [ 14], which indi-
cates that the dc-link voltage control can lead to low-frequency
oscillations in the rectifier mode and high-frequency oscillations
in the inverter mode. Furthermore, Li et al. in [15] derive the
d—g domain impedance model for the static synchronous com-
pensator (STATCOM) involving the dynamics of PLL, output
current, ac voltage, and dc voltage loops, which demonstrates
that STATCOM may suffer instability due to the parameters
changes in these control loops.

Yet, all the aforementioned literature mainly analyzes the sta-
bility of the load converters by means of the close-loop transfer
function or the d—¢g domain impedance model, which cannot give
a clear physical interpretation for the system interaction stability
[16]. Inregard to this issue, Cespedes and Sun in [17] propose the
sequence impedance modeling method for the grid-connected
converter in the three-phase stationary reference frame by ap-
plying the harmonic linearization method, which is also widely
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adopted in HVdc transmission, grid-tied wind system, mod-
ular multilevel converter, and virtual synchronous generator
[18]-[22]. In [21] and [22], the sequence impedance models
are built for the VSM. The stabilities of the voltage-controlled
VSM, current-controlled VSM, and traditional grid-connected
inverters are compared and analyzed, which give a clear physical
interpretation for the system interaction stability. Nevertheless,
in [21] and [22], the derived sequence impedance models of the
inverters overlook the frequency-coupling effects brought by
the d—g transformation. Besides, the dc-link voltage control can
cause harmonic interactions between the ac side and the dc side
of the converter, which also affects the frequency-coupling com-
ponents [23]-[26]. Furthermore, the abovementioned sequence
impedance modeling and stability studies for the grid-connected
converters mainly focus on the source-side converter. To the
author’s best knowledge, there is no literature to analyze and
compare the stability of load converters with inertial support
based on the sequence impedance model.

Therefore, considering the abovementioned issues, this article
derives the precise sequence impedance models for the LCVIC
and the LVSM, and compares their operational stability in the
weak grid. The rest of this article is organized as follows.
Section II derives the precise sequence impedance models of
the LCVIC and the LVSM considering dc-link voltage dy-
namics and frequency-coupling effects. Section III verifies the
sequence impedance models of the two load converters, and
compares their impedance characteristics. Section I'V discusses
the impedance ratio for the stability analysis of the LCVIC and
the LVSM. Thereupon, the Nyquist stability criterion (NSC) is
used to analyze the effects of grid impedance, load power, and
other control parameters on the stability of the two load convert-
ers. Then, the effectiveness of the derived sequence impedance
model and stability analysis is confirmed by experiment in
Section V. Finally, the conclusion is drawn in Section VI.

II. SEQUENCE IMPEDANCE MODELING OF THE LCVIC
AND THE LVSM

A. Universal Sequence Impedance Calculation Formulas for
Two Load Converters

To facilitate the sequence impedance modeling of the two
load converters (i.e., the LCVIC and the LVSM), this section
derives the universal sequence impedance calculation formulas
by means of the harmonic linearization method [16]. The uni-
versal calculation formulas are developed from the power stage
small-signal model of the load converter, which involves the
frequency-coupling effects and the dc-link voltage dynamics.

The topology of the load converter is given in Fig. 1, which is
connected to the grid at the point of common coupling through
the LC filter. In Fig. 1, v,, 7., and m, are the three-phase input
voltages, currents, and modulating signals, respectively, where
x stands for phase a, b and c; v4. and iq. are the dc-link output
voltage and current, respectively; L, and R, are the equivalent
line inductance and resistance, respectively; L ¢, Cy, and Rq are
the filter inductance, filter capacitance, and damping resistance,
respectively; and Cq. and Ry, are the dc-link capacitor and dc-
link load, respectively.
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Fig. 1.

According to Fig. 1, considering a balanced three-phase sys-
tem without the neutral connection, the power stage average
model can be expressed in the time domain as follows [27]:

d ia Va mq
Lf% | = |v| — Ky | Mp| Vac (D
ic Ve Me
Ide = Km(maia + mpip + mcic) ()
. dvdc Vdc
ide = Cac TR R, (3)

where K, is the modulator gain.

In order to derive the sequence impedance of the load con-
verter, a positive-sequence voltage perturbation at frequency f,
is usually injected into the ac input terminal of the load converter
[17]. The influence of grid impedance is ignored at first. Then,
the phase-A input voltage of the load converter can be expressed
in the time and frequency domain as follows:

va(t) = V1 cos(2m f1t) + V), cos(2m fpt + pup) 4)
_JVu, f=%£h
v ={y f25 ®

where subscripts 4+ and — represent positive- and negative-
frequency components in the frequency domain, respectively;
V.; = Vi/2 represents the fundamental voltage at frequency
fi; Vi is the magnitudes of fundamental voltage; V., =
(V,,/2)e*1%vP represents the positive-sequence voltage pertur-
bation at frequency f,; and V), and ¢,, are the magnitude
and initial phase of the positive-sequence voltage perturbation,
respectively.

According to the frequency-coupling effects of the converter
[23], [28], V, can produce the positive-sequence current per-
turbation I, at frequency f,, the coupling-negative-sequence
current perturbation I,» at frequency f, — 21, and the dc-link
voltage perturbation V 4, at frequency f,, — f1. Furthermore, the
small-signal voltage and current perturbations are transferred to
the modulating signal in control by sampling. Therefore, the
phase-A current, the dc-link voltage, and the phase-A modulat-
ing signal in the frequency domain can be written as follows:

Lo, f==+f
I:l:pa f:ifp
Iip27 f::l:(fp_Qfl)

L[f] = (6)
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_ VdCa f:0
Vdc[f] - {Vidpy f _ :l:(fp_fl) 7Ma[f]
M:l:17 f:ifl
= My, f=%f )

Mip% f= :t(fp - 2fl)
where Vg, denotes the dc-link voltage reference; I.; denotes
the fundamental current; My = (Vg — sLIi1)/(KmVac)
denotes the fundamental modulating signal; M., and M,
denote the modulating signal perturbation at frequency f,, and
frequency f, — 2f1, respectively.

By substituting (5)—(7) into (1)—(3), and linearizing the
frequency-domain model around its fundamental operating
point, the power stage small-signal model can be expressed in
the frequency domain as follows:

sLiL, =V, — KpVieM, — KM, Vg,
(5 — j2w) Lyl = — K VaeMys — KM_1 Vi,
[(s = jw1)Cac + 1/Rr]Vap

= 3K, (M,I_; + Mo, + M1, + ML)

®)
9)

(10)

where wq denotes the fundamental angular frequency.

Generally, according to the control scheme of the converter,
the relationship among my, ¢4, V4, and vq. can be linearized
in the frequency domain by using the harmonic linearization
method [20]. Therefore, under the positive-sequence voltage
perturbation at f,, on the ac side of the load converter, M.,
and M. ,,» can be expressed as follows:

M.y, = Asp(8)Lip + Bap(s)Lipe
+ Cip(s)vip + Fip(s)vidp’
Mo = Aipo(5)Lip + Bipa(s)Lipe

+ Cep2(8)Vip + Fipa(5)Viap, f=%(fp - 21121)

(11

where A(s), B(s), C(s), and F(s) denote the influence coeffi-
cients of the ac current perturbation, the coupling ac current
perturbation, the ac voltage perturbation, and the dc voltage
perturbation on the modulating signal perturbation, respectively.
The coefficient subscripts p and p2 correspond to the perturba-
tion frequencies f, and f, — 2 f1, respectively. Consequently, by
substituting (11) into (8)—(10), the universal calculation formu-
las for admittances Y},,(s) = I,/V, and Y, (s) = I,/ V, can
be calculated as (16) and (17) shown at the bottom of the next
page, respectively, where || represents the determinant operator.
Moreover, considering the influence of the grid impedance
Z4(s), the perturbation transfer process can be shown in Fig. 2.
Then, the multi-input multioutput (MIMO) sequence admittance

matrix can be obtained as
{I//p } _ [ I, +71, } _ [YPP(S) an(s)] [Vp ] (12)
| Lo + T Yon(8) Yan(s) | [ V2

where I, and I” ), represent the total positive-sequence current
response and the total coupling-negative-sequence current
response, respectively; Vo represents the coupling-negative-
sequence voltage produced by I”,,, through the grid impedance;
T', and I, represent the positive-sequence current response

f:ifp
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Fig.2. Small-signal block diagram of the grid and load converter system under
the positive-sequence voltage perturbation.

and the coupling-negative-sequence current response produced
by V. through the load converter, respectively. Considering
the conjugate relationship of the sequence impedance [29], the
admittances Y,,,(s) and Y,,,,(s) can be obtained as Y,,,(s) =
Y (s — j2wi) and Yy, (s) = Y, (s — j2wy ), respectively

Therefore, according to (12), (16), and (17), the MIMO se-
quence admittance model can be obtained. Then, the stability
analyses can be performed based on the MIMO model and the
generalized Nyquist criterion [28], [29]. However, compared
with the MIMO model, the single-input single-output (SISO)
model is relatively convenient to analyze the interaction stability
between the load converter and the grid. In fact, the work in [24]—
[26] reported that the MIMO sequence impedance model can be
converted to the SISO sequence impedance model with the same
marginal stability condition. The SISO sequence impedance
model can be defined as follows:

M
V.| 0  Z.s)| |1,
where V,, and I”,, represent the negative-sequence voltage per-
turbation at f,, and the total negative-sequence current response
at f,,, respectively, which are measured at the ac input terminal of
the load converter after another negative-sequence perturbation
injection at f;,.

Then, according to Fig. 2 and (12), the positive-sequence
impedance Z,(s) of the load converter can be calculated as
follows:

(13)

vV, Yon(8)Ynp(8) Zg(s — j2w1) |
Zy(s) = ﬁ = {Ypp(s) Tl Zg(s — j2w1)Yyn(s) ]
Yy (3) V(s — j21) 17!
- [Y’”’(s) T Y, (s — j2w1) + V(s —J‘?wl)} '

(14)

Moreover, to derive negative-sequence impedance Z,(s) of
the load converter, the negative-sequence voltage perturbation
at frequency f,, is injected into the ac side of the load converter.
And the derivation process is the same as Z,(s). In fact, con-
sidering the conjugate relationship of the sequence impedance
[29], Z,,(s) can be handily calculated as follows:

V. .
Zn(8) = g = Zp(s)
% . -1
S A E p—U A )
() = o 12 1 Vi (s 4 7207)

15)
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Fig. 3. Control diagram of the LCVIC.

Therefore, according to (14)—(17), the universal calculation
formulas for the SISO sequence impedance model of the LCVIC
and the LVSM are obtained, which can be used to analyze the
small-signal stability by applying the NSC [21], [24].

B. Sequence Impedance Modeling of the LCVIC

Fig. 3 shows the control diagram of the LCVIC [11]. The
virtual inertia can be obtained from the dc-link capacitor by uti-
lizing the characteristics of capacitor absorption/release energy.
The dc-link capacitor voltage and the grid frequency are linked
by the inertia control gain K, so the fluctuation of the grid
frequency can be suppressed by regulating the active power of
the converter.
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The PLL output angle can be expressed as fpr1, = 01+A0,
where 04 is the phase angle of the fundamental voltage and A is
the small-signal perturbation of the PLL output angle. According
to [17], the transfer function from the positive-sequence voltage
perturbation V, at frequency f,, to the PLL output phase pertur-
bation Ad,,; at frequency f, — fi can be expressed as follows:

Gp(s) = A&ipl/Vip = :FjTPLL(S)Gv(S :I:jwl) (18)
Trrr(s) = Hprr(s)/[s + ViHpLL(s)] (19)
where G, (s) =1/(1 + sT,,) represents the transfer function
of the voltage sampling filter; Hprr,(s) = kyp + kpi/s repre-
sents the transfer function of the PLL controller; 7}, is the

time constant of the input voltage sampling filter; k,, and
kp; are proportional and integral gains of the PLL controller,

respectively.
Moreover, Park’s transformation is defined as follows:
T(fprL) =
cos OpLL COS(GPLL — 2’/T/3) COS(@PLL + 271’/3)

— | —sin GPLL — sin(ﬂpLL — 2’/T/3) — SiH(QPLL + 271'/3)
1/2 1/2 1/2
(20)

Then, the calculation of currents igq and i, in the d—¢q frame
can be expressed as follows:

[ia i, 017 =T(OprL) - [ia b ic]”.

Note that cos Opr, =~ cos #1—A 0 sin 61 and sin Opy,, ~
sin 01 + A fcos 0. Then, by substituting (18)—(20) and (6) into
(21), and applying the frequency-domain convolution theorem
[28], the frequency-domain expressions of i4 and 7, can be

2y

1-— KdeCCp(S)
—KdeCCpg(S —j2w1)
—Lle(s) — Ilcpg(s — j2w1)

KdeCBp(s)
(s = j2w1)L¢ + Ky VacBpa(s — j2w1)  KpVacFpa(s — j2wr) + KM
I_1By(s) + 11 Bpa(s — j2wi) + M,

K VacFp(s) + KMy

= [(s = jw1)Cac + 1/R1] /(3K )
+ I_le(S) + Ileg(S — j2w1)

SLf -+ KdecAp(S>
KdecApQ(s _j2w1)
IflAp(S) + IlApg(S — j2w1) + M_;

sLy 4+ K, VacAy(s)
KdeCApQ(S - j2w1)

KdeCBp(S)
(S - j2wl)Lf + KdeCBpg(S - j2w1) KdeCFpg(S - j2w1) + KmM,1
Ilep(S) + Iprz(S — j2w1) + M,

1-— KdeCCp(S)
- KmvchpZ(S - j2w1)
IflAp(S) + IlApg(S — j2w1) +M_, — Lle(s) —

1
K, VacFp(s) + K, My (16)

— (s — jw1)Cac + 1/RL]/(BK )
+ Ilep(S) + Ileg(S — j2w1)

K, VacFp(s) + K, M,y
KdeCFpQ(S - jzwl) + K, M_y
L Cpa(s — j2wi) — [(s — jw1)Cac + 1/RL]/(3Km)
+ Ilep(S) + Ilez(S — j2w1)

sLy 4+ K, VacAp(s)
KdeCApQ(S - j2w1)
IflAp(S) + IlApQ(s — jZUJl) + M,1

KdeCBp(S)
(S - _]2(.01)Lf + KdeCBpg(S - j2w1) KdeCFpg(S - j2w1) + KmM,1
Ilep(S) + Iprg(S — j2w1) + M1

Kdech(S) + K, M,

— [(S — jwl)Cdc + 1/RL]/(3Km)
+ Ilep(S) + Ilez(S — j2w1)
(17)
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obtained as follows:

IdT'a f =0
La[f] = { Gi(s & jwi)Lsy
+Gi(3:Fjw1)Iip2+IqrA9ip1: f::t(fp_fl)
(22)
IqT’ f = O
L] = T 9Ci(s % jun)Ly
+jGi(s F jwi)lipo—I3;AOsp1, f==% (fp—/f1)
(23)

where G;(s) = 1/(1 + sT;) represents the transfer function of
the current sampling filter; and 7 is the time constant of the
input current sampling filter; 14, and I, are the d- and g-axis
current references, respectively.

According to Fig. 3, the dc-link voltage command error Avge,
induced by the virtual inertia control can be obtained as

H PLL (8) — K
Hpyy(s)
where K denotes a proportional gain.
Moreover, according to the dc-link voltage control and the d-

and g-axis current decoupling control in Fig. 3, the modulating
signals cg and ¢, in the d—g frame can be obtained as

Avger = KpsA0 = H,,(s)Af (24)

Cq = [(‘/dc + Avdcr — Gd(S)UdC)Hvl(S) — id]H,’(S) — Kdiq
(25)
cq = (Igr — ig)Hi(s) + Kaia (26)

where Hyi(s) = kyp1 + kvi1/s and H;(s) = kip + kii/s are
the transfer functions of the dc-link voltage and dg-axis current
PI controller, respectively; G4(s) = 1/(1 4 sTy) is the transfer
function of the dc-link voltage sampling filter; k,,,1 and k,;; are
proportional and integral gains of the dc-link voltage controller
of the LCVIC, respectively; k;, and k;; are proportional and
integral gains of the current controller, respectively; T} is the
time constant of the dc-link voltage sampling filter; and K is
the decoupling gain.

Therefore, considering inverse Park’s transformation and
feedforward control, the modulating signal m,, can be expressed
as

mg = KyGy(s)vg — (cosOpricq — sinfbprr.cy) (29)

where Ky represents the feedforward gain.
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By substituting (5)—(7), and (22)—(26) into (29), and apply-
ing the frequency-domain convolution theorem, the coefficients
A(s), B(s), C(s), and F(s) at frequency f, and f, — 2f; in (11)
can be calculated as (27) and (28), as shown at the bottom of this
page, respectively. Then, by substituting (27) and (28) into the
universal calculation formulas (14)—(17), the precise positive-
and negative-sequence impedances Z.,(s) and Z,,(s) of the
LCVIC can be calculated.

C. Sequence Impedance Modeling of the LVSM

Fig. 4 shows the control diagram of the LVSM [9]. By em-
ulating the electromechanical transient equation of traditional
synchronous motor, the converter has similar characteristics
about the inertia, active power regulation, and reactive power
regulation. Moreover, in order to guarantee the input current
quality of the LVSM, the input current is controlled by the quasi-
proportional-resonant (PR) controller, and the current command
is calculated based on the input voltage command.

The active power P, reactive power O, and input voltage
magnitude v,,, of the LVSM can be calculated as follows:

P = 1.5(vaia + vgig)
Q= 1.5(’Uﬁia — ’Ua’ig>

U, = 4 /02 +v%.

After imposing positive-sequence voltage perturbation at fre-
quency f;, on the ac side of the converter, the magnitude calcu-
lation formula of the input voltage can be expressed as

(30)

Vm = /02 + U% = {VZ +2V,\ cos[Zﬂ'(fp—fl)t—l—g@w]}l/2

~ Vi 4V, cos2n(fp — fi1)t + pupl. (31)

Ap(s) = [Hi(s — jw1) — jKa]Gi(s)

B,(s) =0

Cp(s) = {j0.5H;(s—jw1) Hm(s—jw1)Hy1 (s—jw1)+
Fp(s) = 0.5H,1(s — jwi)H;(s — jw1)Ga(s — jwr)
Apa(s) =0

Bya(s) = [Hi(s + jw1) + jK4]Gi(s)

Cpa(s) =

Fpa(s) = 0.5H1(s + jw1)Hi(s + jw1)Ga(s + jwr)

JKa—Hi(s—jw1)[li+Mi— K¢V} T (s— jwi)Go(s) + KrGo(s)

27)

{j0.5H;(s+jw1)Hp (s+jw1)Hyr (s+jw1)+[Hi(s+jwr) + 7Kg Io1 + K Vg =M1 }Tp11 (s+jw1 ) Gy (s+52w1)

(28)



13036

Therefore, considering the sampling low-pass filters G;(s)
and G, (s), the active power, reactive power, and voltage ampli-
tude can be expressed in the frequency domain as follows:

3(Val +Vily), f=0
) 3[Gi(s £ jw1) Va1,
PUI=9 L e+ gt v,
+ Gi(s F jwi)Valyel, f==%(f, — f1)
(32)
J3(VI = V1), =0
o + j?)[GZ(S ijwl)v¢11ip
Q[f] a - Gv(s ijwl)IquVip
— Gi(s Fjw1)Vulil, f==x(fp— f)
(33)
o Vlu f =0
Vanlfl= { Gols £ jwn)Vip, f=2(fy—f0) O

where G, (s) =1/(1+ sT,) and G,(s) = 1/(1 + sT;) repre-
sent the transfer functions of the voltage and current sampling
filters, respectively.

According to the reactive power regulation part in Fig. 4, the
magnitude e,, of the inner electric potential e ;. of the LVSM
can be expressed in the frequency domain as follows:

— Em’ f:O
en(f] = {kqu — ko Vilfl, f==E(fp — f1)

where E,, represents the magnitude reference of inner electric
potential; and k, and £, represent the reactive power control
gain and ac-voltage magnitude control gain, respectively.

According to the active power regulation part in Fig. 4, the
output phase perturbation Af of the controller can be obtained
in the frequency domain as follows:

(35)

Abspr = T(s){P[E(fp — f1)]/w1 + Ga(s)Hu2(s5)Vrap}
(36)
T(s) = 1/[Js* + (D — Pioaa/w})s] 37)

where G4(s) = 1/(1 + sT,) represents the transfer function
of the dc-link voltage sampling filter; H,2(s) = kyp2 + kuiz/s

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 12, DECEMBER 2020

represents the transfer function of the dc-link voltage PI con-
troller; J represents the virtual moment of inertia; D represents
the droop coefficient; P),.q represents the active power reference
value; and k,p2 and k, ;2 are proportional and integral gains of
the dc-link voltage controller of the LVSM, respectively.

The sinusoidal signal generated in the LVSM control can
be expressed as cos 6 = cos(01+A0) = cos 1—A 6 sin 64,
where 6 represents the phase angle of the fundamental volt-
age. By substituting (36) and (37) into cos 6 and applying the
frequency-domain convolution theorem, cos  can be expressed
in the frequency domain as (38), shown at the bottom of this
page, where @i, = —arcsin[2Pgaqwi L/ (3E,, V1)) represents
the phase difference between the inner electric potential and ac
input voltage of the LVSM.

According to the electrical control part of Fig. 4, the modu-
lating signal of the LVSM can be obtained as follows:

me = {[Guv(s)v Gi(s)igtHr(s) (41)

where H,.(s) = —[kyp + kpr /(8% + 2wes + w2 1)] is the trans-
fer function of the quasi-PR controller in the input current loop;
krp, Ky, and w, represent proportional gain, resonance gain, and
cutoff angular frequency of the quasi-PR controller, respectively.

By substituting (5)—(7), (32)-(35), and (38) into (41), and
applying the frequency-domain convolution theorem, the coef-
ficients A(s), B(s), C(s), and F(s) at frequency f, and f, — 2f; in
(11) can be calculated as (39), shown at the bottom of this page,
and (40), shown at the bottom of this page, respectively. Simi-
larly, by substituting (39) and (40) into the universal calculation
formulas (14)—(17), the precise positive- and negative-sequence
impedances Z,,,(s) and Z,,,,,(s) of the LVSM can be calculated.

o — €emcosf]/(sLy) —

III. IMPEDANCE MODEL VERIFICATION AND IMPEDANCE
CHARACTERISTICS COMPARISON ANALYSIS OF TWO
LOAD CONVERTERS

In order to verify the impedance model of the LCVIC, the
frequency responses of the derived sequence impedance models
of the LCVIC and its simulation measurement results are shown
in Fig. 5(a), where Z,,(s) and Z.,(s) represent the positive-
and negative-sequence impedances of the LCVIC, respectively.

0.5e7Pvir, J—
cosf[f] = ¢ +50.5e¢v T (s F juw){P[E(fp — f1)]/w1 + Hpo(s F jw1)Ga(s F jw1)Vaap}, f==Efp (38)
Fj0.5e7¢vr T(s + juw {P[E(fp — f1)] /w1 + Hoz(s £ jwr)Gals F jwr)Vaap}, = £(fp —2/f1)
Ap(8) = [—j3Emel? T (s — jw1)V_1/wy — j3kee?rV_y — 2sL¢|H,(s)Gi(s)/(2sLy)
By(s) = 3¢/#vr [jkf;V1 — jERT(s — jwl)Vl/wﬂHr(S)Gi(S - J?wl)/(?SLf) (39)
Cp(s) = [—j3Ene??T (s — jwr)I 1 fwy + j3kee? P11 + kye?¥vir + 2]H, (s)Gy(s)/(2sLy)
Fy(s) = =jEpne??T (s — jwi)Hoo(s — jwi) Hy(s)Ga(s — jwr)/(2sLy)
Apa(s) = 3e 7P [fE,T (s + jw1) Vor fwi — jkgVor]Hy(s)Gi(s + j2wi)/(25Ly)
Bpo(s) = [=25Ly + j3Eme 79T (s + jw1) V1 /wi + j3k,e 7#vr V| H,.(s)Gi(s)/(2sLy) 40)
Cpa(s) = 3e 19 [jE,T (s + jwi)I1 + jkoI-1 + ky|H(8)Go(s + j2w1)/(2sL¢)
Fpa(s) = jEme 79T (s + jwi) Hya (s + jwi) Hr (s)Gals + jw1)/(25Ly)
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Fig. 5. Frequency responses of the derived sequence impedance models of
two load converters and their simulation measurement results. (a) LCVIC.
(b) LVSM.

TABLE 1
SYSTEM PARAMETERS OF THE LCVIC

Symbol Value Symbol Value
Vae 700 V T; 44 pus
Ve 220V Ty 1 ms
Ly 2mH kpp 0.833
Cr 22 uF ki 107.86
Ry 1.87Q ki 0.00857
Cye 3 mF kii 1.143
L, 3.8 mH ko1 1
Proaa 10 kW kit 43
L, 0A K,y 23 V/(rad/s)
h 50 Hz K Ky
f 10 kHz Ky 0.0018
T, 44 ps K, 0.0029
TABLE I
SYSTEM PARAMETERS OF THE LVSM
Symbol Value Symbol Value
Ve 700 V T, 44 us
Ve 220V T; 44 pus
Ly 2mH Ty 1 ms
Cr 22 uF 0.0202 kg m?
Ry 1.87Q D 3.8 N'm-s/rad
Cae 3 mF ky 5107
L, 3.8 mH k, 10x10"!
Proaa 10 kW koo 0.3183
0O, 0 kVar ko 5
v 311V ki 0.00286
E, 305V ke 0.7143
fi 50 Hz w, 10 rad/s
f 10 kHz

Z4(s) represents the grid impedance. The system parameters
of the LCVIC are shown in Table I, which are calculated ac-
cording to the parameter design method in [11]. From Fig. 5(a),
the simulation measurement results coincide with the derived
sequence impedance models, which verify the accuracy of the
derived sequence impedance model of the LCVIC.

Similarly, in order to verify the impedance model of the
LVSM, the frequency responses of the derived sequence
impedance models of the LVSM and its simulation measurement
results are shown in Fig. 5(b), where Z,,,(s) and Z,,,(s)
represent the positive- and negative-sequence impedances of
the LVSM, respectively. The control parameters of the LVSM
are shown in Table II, which are calculated according to the
parameter design method in [9]. From Fig. 5(b), the simulation
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The grid
(a) (b)

The grid LCVIC

Fig. 6. Small-signal equivalent circuit. (a) LCVIC. (b) LVSM.

measurement results also coincide with the derived sequence
impedance models, which verify the accuracy of the derived
sequence impedance model of the LVSM.

Moreover, according to Fig. 5, the sequence impedance char-

acteristics of the two load converters are compared as follows.

1) The positive-sequence impedance of the LCVIC exhibits
the negative-resistive-capacitive characteristic (i.e., the
phase angle is between —180° and —90°) in the middle-
frequency band, and its amplitude—frequency curve easily
intersects with Z () in this frequency band when the grid
becomes weakened. Furthermore, Z,(s) presents induc-
tive characteristic in the low- and middle-frequency bands.
Therefore, the impedance characteristics of the LCVIC
make it easy to interact with Z,(s), which can result in
harmonic oscillation.

2) The positive-sequence impedance of the LVSM exhibits
the inductive characteristic in the middle-frequency band,
which is basically consistent with the impedance char-
acteristic of Z,(s). Moreover, the negative-sequence
impedance of the LVSM exhibits the negative-resistive-
capacitive characteristic only in the middle-frequency
band, and its amplitude is much smaller than Z,(s) in
this frequency band. Therefore, the LVSM has better
impedance characteristics to avoid harmonic oscillation
in the weak grid.

IV. STABILITY COMPARISON ANALYSIS OF
Two LOAD CONVERTERS

A. Impedance Ratio Criterion Analysis

In this article, the precise SISO sequence impedance model
is derived, and thus, the NSC can be applied to analyze the
interaction stability between the load converter and the grid.
In Fig. 6(a), the LCVIC is considered as a current-controlled
converter and can be equivalent to a current source (I.) in
parallel with an input impedance (Z..) [30]. Therefore, the input
current can be calculated as follows:

Vo(s)
1= |23 -

Because the ideal grid voltage V() is stable when unloaded
and the LCVIC can maintain stable when powered from the ideal
grid, i.e., 1/Z.(s) has no poles in the right-half plane (RHP), so
that the system stability depends on 1/[1 + Z,(s)/Z.(s)]. Since
the impedance ratio Z, (s) /Z.(s) has no RHP poles, it is feasible
to check simply whether the Nyquist plots of Z,(s)/Z.(s)
encircle (—1, j 0) to judge the stability.

1
I“‘(S)} 5 Zy(8)]2:(5)

(42)
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Fig. 7. Nyquist plots of LCVIC impedance ratios for stability assessment
with different parameters. (a) Different L, when K, = 23 V/(rad/s),
BWpL1, =60 Hz, and Pioaq = 10 kW. (b) Different K, when Ly = 3.8 mH,
BWpL1 = 60 Hz, and Pioaq = 10 kW. (c) Different BWpry, when L, = 3.8
mH, K, =23 V/(rad/s), and P1oaq = 10 kW. (d) Different P1oaq When Ly =
4.8 mH, K, = 23 V/(rad/s), and BWpr,1, = 60 Hz.

In Fig. 6(b), the LVSM is considered as a voltage-controlled
converter and can be equivalent to a voltage source (V,,,) in series
with an input impedance (Z,,, ) [30]. Hence, the input current can
be calculated as follows:

I(s) = (Vy(s) — Vm(8>)M
= (Vy(s) — Vin(s))—d Zms) @

L+ Zy(s)/ Zm(s)

Because the ideal grid voltage V,(s) and the ideal equivalent
output voltage of LVSM V,,,(s) are stable, so that the system
stability depends on 1/[Z,,(s) 4+ Z,(s)]. Generally, the order
of denominator is required to be higher than the numerator of
the open-loop transfer function when applying the NSC. Thus,
the Nyquist plot can converge to the origin with the increase
of frequency, and it is convenient to judge the stability. Since
the order of Z,,(s) is generally higher than that of Z,(s), the
impedance ratio Z,(s)/Z,(s) is used to judge the stability.
The grid impedance Z,(s) has no RHP poles, so the system is
stable when the number of counterclockwise encirclements of
the point (—1, j 0) by the Nyquist plot of Z,(s)/Z,,(s) equals
the number of RHP zeros of Z,,(s).

B. Stability Comparison Analysis of the LCVIC and the LVSM

Fig. 7 shows the Nyquist plots (frequency from 0 to 10° Hz)
of the impedance ratios of the LCVIC with different parameters.
From Fig. 7(a), the system tends to be unstable with the increase
of Ly. When L, > 5.1 mH, the Nyquist plot encircles (—1,
j 0) and the system is unstable. In Fig. 7(b), when the inertia
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Fig. 8. Nyquist plots of the LVSM impedance ratios for stability assessment
with different parameters. (a) Different L, when J = 0.202 kg»m2 and Pjoaq =
10 kW. (b) Different J when L, = 3.8 mH and P15aq = 10 kW. (c) Different

Pioad when Ly = 4.8 mH and J = 0.202 kg-m?.

control gain K, > 40 V/(rad/s), the Nyquist plot of the positive-
sequence impedance ratio encircles (—1, j 0) and the system is
unstable. From Fig. 7(c), the system becomes unstable with the
increase of PLL bandwidth (BWpy,1,). When BWpy,;, > 140 Hz,
the Nyquist plot encircles (—1, j 0) and the system is unstable.
In Fig. 7(d), when the load power is increased to 20 kW, the
Nyquist plot of the positive-sequence impedance ratio encircles
(=1, j 0), which implies that the increase of the LCVIC load
power can cause the instability under weak grids.

Fig. 8 shows the Nyquist plots (frequency from 0 to 103 Hz)
of impedance ratios of the LVSM with different parameters.
The frequency response curves in Fig. 5(b) reveal that the
sequence impedances of the LVSM has no RHP zeros, whereas
the negative-sequence impedance of the LVSM has a pair of
RHP conjugate zeros due to the existence of the second-order
differential element [31]. Therefore, when the Nyquist plot of the
positive-sequence impedance ratio does not encircle (—1, j 0),
and the positive-frequency Nyquist plot of the negative-sequence
impedance ratio crosses the real axis at the left of (—1,j 0) once
in the counterclockwise direction, the system is stable. From
Fig. 8(a), the LVSM can remain stable when L, is increased to
10 mH. From Fig. 8(b), the system is stable even if J is increased
fourfold. From Fig. 8(c), when the load power of the LVSM is
increased to 20 kW, the LVSM is still stable. Therefore, the
LVSM has better stability than the LCVIC in the weak grid.

V. EXPERIMENTAL RESULTS

In order to verify the stability analysis results presented in the
previous sections, the experimental prototype of the three-phase
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Fig. 9. Experimental prototype of the three-phase load converter connected to
the weak grid.

load converter is built in the weak grid, as shown in Fig. 9.
The LCVIC and the LVSM have the same topology, and the
parameters are shown in Tables I and II, respectively. Their
control system is implemented in the DSP+FPGA. Specifically,
the DSP TMS320F2812 is used to realize the control algorithm,
and the FPGA EP2C8Q208CN is used to acquire current and
voltage sampling signals and transmit data to the DSP and the
liquid crystal. Meanwhile, the high-speed A/D chip ADS8556
is used to sample current and voltage. The switching frequency
fsisselected as 10 kHz. The weak grid is emulated by the utility
grid in series with line inductance.

Under different parameters, the experimental waveforms and
the harmonic spectra analyses of the LCVIC and the LVSM
are shown in Figs. 10 and 11, respectively. From Fig. 10(a),
when L, is increased from 4.8 to 5.1 mH, the input currents
of the LCVIC start to divergently oscillate at 97 and 3 Hz (the
coupling frequency). In Fig 10(b), when K, is increased from
35 to 40 V/(rad/s), the input currents of the LCVIC start to
divergently oscillate at 99 and 1 Hz (the coupling frequency).
From Fig. 10(c), when BWp1, is increased from 120 to 140Hz,
the input currents of the LCVIC start to divergently oscillate at
123 and 23 Hz (the coupling frequency). In Fig. 10(d), when the
load power is increased from 10 to 20 kW, the input currents
of the LCVIC start to divergently oscillate at 96 and 4 Hz
(the coupling frequency). Furthermore, Fig 10 shows that the
divergent currents are triggering the overcurrent protection over
time. However, from Fig. 11, the input current of the LVSM
remains stable no matter L, is increased to 10 mH, Jis increased
to 0.808 kg-m?, or the load power is increased to 20 kW. There-
fore, the experimental results are consistent with the stability
analysis results based on the NSC in Section IV, which reveals
that the LVSM has better stability than the LCVIC in the weak
grid.

Moreover, Fig. 12 shows the frequency responses predicted by
the derived models of the LCVIC under different experimental
parameters. When the phase difference between the LCVIC
impedance and the grid impedance is greater than 180° at
their magnitude intersection frequency, the system is unstable
and oscillates at the corresponding frequency. Therefore, from
Fig. 12, the oscillation frequencies predicted by the derived
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Fig. 10. Experimental waveforms and harmonic spectra analyses of the
LCVIC with different parameters. (a) L is increased from 4.8 to 5.1 mH when
K = 23 V/(rad/s), BWpr1, = 60 Hz, and Pjoaq = 10 kW. (b) K, is
increased from 35 to 40 V/(rad/s) when L, = 3.8 mH, BWpr1, = 60 Hz, and
Pioaa = 10 kW. (c) BWpLL is increased from 120 to 140 Hz when L, =
3.8 mH, K, = 23 V/(rad/s), and P1oaq = 10 kKW. (d) P1oaq is increased from
10 to 20 kW when L, = 4.8 mH, K, = 23 V/(rad/s), and BWpL1, = 60 Hz.

models match the harmonic spectra analyses of the experimental
waveforms in Fig. 10, which further validate the correctness of
the derived SISO sequence impedance models.
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Fig. 12. Frequency responses for the sequence impedances of the LCVIC

corresponding to different experimental parameters. (a) When Ly = 5.1 mH in
Fig. 10(a). (b) When K,,, = 40 V/(rad/s) in Fig. 10(b). (c¢) When BWpr1, =
140 Hz in Fig. 10(c). (d) When P1oaq = 20 kW in Fig. 10(d).

VI. CONCLUSION

In this article, considering the dc-link voltage dynamics
and frequency-coupling effects, the precise SISO sequence
impedance models were established for the LCVIC and the
LVSM. Based on the derived impedance model and NSC,
the stabilities of two load converters in the weak grid have
been analyzed and compared from the perspective of sequence
impedance. The following conclusions are drawn.

1) The positive-sequence impedance of the LVSM exhibits
inductive characteristic in the middle-frequency band,
which is basically consistent with the grid impedance char-
acteristic. Nevertheless, the positive-sequence impedance
of the LCVIC exhibits negative-resistive-capacitive
characteristic in the middle-frequency band, and its
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amplitude-frequency curve easily intersects with the grid
impedance in this frequency band when the grid becomes
weakened.

2) The interaction stability between the LCVIC and the grid
is affected by the inertia control gain, the PLL bandwidth,
the grid inductance, and the load power. The larger they
are, the easier the converter is to oscillate.

3) The impedance characteristics of LVSM are conducive to
avoiding harmonic oscillation in the weak grid. In contrast,
the impedance characteristics of the LCVIC make it easy
to interact with the grid impedance, resulting in harmonic
oscillation. Therefore, the LVSM has better stability than
the LCVIC in the weak grid.
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