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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.

I. INTRODUCTION

R ENEWABLE energy sources and load converters are in-
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 q-axis dynamics. Thus, the
d–q 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–q 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–q domain impedance model, which cannot give
a clear physical interpretation for the system interaction stability
[16]. In regard 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–q 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 IV 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, vx, ix, and mx are the three-phase input
voltages, currents, and modulating signals, respectively, where
x stands for phase a, b and c; vdc and idc are the dc-link output
voltage and current, respectively; Lg and Rg are the equivalent
line inductance and resistance, respectively; Lf , Cf , and Rd are
the filter inductance, filter capacitance, and damping resistance,
respectively; and Cdc and RL are the dc-link capacitor and dc-
link load, respectively.

Fig. 1. Topology of the load converter.

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]:

Lf
d

dt

⎡
⎣ ia
ib
ic

⎤
⎦ =

⎡
⎣ va
vb
vc

⎤
⎦−Km

⎡
⎣ma

mb

mc

⎤
⎦ vdc (1)

idc = Km(maia +mbib +mcic) (2)

idc = Cdc
dvdc
dt

+
vdc
RL

(3)

where Km is the modulator gain.
In order to derive the sequence impedance of the load con-

verter, a positive-sequence voltage perturbation at frequency fp
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(2πf1t) + Vp cos(2πfpt+ ϕvp) (4)

Va[f ] =

{
V±1, f = ±f1
V±p, f = ±fp

(5)

where subscripts + and – represent positive- and negative-
frequency components in the frequency domain, respectively;
V±1 = V1/2 represents the fundamental voltage at frequency
f1; V1 is the magnitudes of fundamental voltage; V±p =
(Vp/2)e

±jϕvp represents the positive-sequence voltage pertur-
bation at frequency fp; and Vp and ϕvp are the magnitude
and initial phase of the positive-sequence voltage perturbation,
respectively.

According to the frequency-coupling effects of the converter
[23], [28], Vp can produce the positive-sequence current per-
turbation Ip at frequency fp, the coupling-negative-sequence
current perturbation Ip2 at frequency fp − 2f1, and the dc-link
voltage perturbationVdp at frequency fp − 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:

Ia[f ] =

⎧⎨
⎩

I±1, f = ±f1
I±p, f = ±fp
I±p2, f = ±(fp − 2f1)

(6)
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Vdc[f ] =

{
Vdc, f = 0
V±dp, f = ±(fp − f1)

,Ma[f ]

=

⎧⎨
⎩

M±1, f = ±f1
M±p, f = ±fp
M±p2, f = ±(fp − 2f1)

(7)

where Vdc denotes the dc-link voltage reference; I±1 denotes
the fundamental current; M±1 = (V±1 − sLfI±1)/(KmVdc)
denotes the fundamental modulating signal; M±p and M±p2

denote the modulating signal perturbation at frequency fp and
frequency fp − 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:

sLfIp = Vp −KmVdcMp −KmM1Vdp (8)

(s− j2ω1)LfIp2 = −KmVdcMp2 −KmM−1Vdp (9)

[(s− jω1)Cdc + 1/RL]Vdp

= 3Km(MpI−1 +Mp2I1 +M−1Ip +M1Ip2) (10)

where ω1 denotes the fundamental angular frequency.
Generally, according to the control scheme of the converter,

the relationship among ma, ia, va, and vdc can be linearized
in the frequency domain by using the harmonic linearization
method [20]. Therefore, under the positive-sequence voltage
perturbation at fp on the ac side of the load converter, M±p

and M±p2 can be expressed as follows:⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

M±p = A±p(s)I±p +B±p(s)I±p2

+ C±p(s)V±p + F±p(s)V±dp, f = ±fp

M±p2 = A±p2(s)I±p +B±p2(s)I±p2

+ C±p2(s)V±p + F±p2(s)V±dp, f = ±(fp − 2f1)
(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 fp and fp − 2f1, respectively. Consequently, by
substituting (11) into (8)–(10), the universal calculation formu-
las for admittances Ypp(s) = Ip/Vp and Ypn(s) = Ip2/Vp 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
Zg(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′′p2

]
=

[
Ip + I′p
Ip2 + I′p2

]
=

[
Ypp(s) Ynp(s)
Ypn(s) Ynn(s)

] [
Vp

Vp2

]
(12)

where I′′p and I′′p2 represent the total positive-sequence current
response and the total coupling-negative-sequence current
response, respectively; Vp2 represents the coupling-negative-
sequence voltage produced by I′′p2 through the grid impedance;
I′p and I′p2 represent the positive-sequence current response

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 Vp2 through the load converter, respectively. Considering
the conjugate relationship of the sequence impedance [29], the
admittances Ynp(s) and Ynn(s) can be obtained as Ynp(s) =
Y ∗
pn(s− j2ω1) and Ynn(s) = Y ∗

pp(s− j2ω1), 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:[

Vp

Vn

]
=

[
Zp(s) 0
0 Zn(s)

] [
I′′p
I′′n

]
(13)

where Vn and I′′n represent the negative-sequence voltage per-
turbation at fn and the total negative-sequence current response
at fn, respectively, which are measured at the ac input terminal of
the load converter after another negative-sequence perturbation
injection at fn.

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

Zp(s) =
Vp

I′′p
=

[
Ypp(s)− Ypn(s)Ynp(s)Zg(s− j2ω1)

1 + Zg(s− j2ω1)Ynn(s)

]−1

=

[
Ypp(s)−

Ypn(s)Y
∗
pn(s− j2ω1)

Yg(s− j2ω1) + Y ∗
pp(s− j2ω1)

]−1

.

(14)

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

Zn(s) =
Vn

I′′n
= Z∗

p(s)

=

[
Y ∗
pp(s)−

Y ∗
pn(s)Ypn(s+ j2ω1)

Yg(s+ j2ω1) + Ypp(s+ j2ω1)

]−1

.

(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 Kωv, so the fluctuation of the grid
frequency can be suppressed by regulating the active power of
the converter.

The PLL output angle can be expressed as θPLL = θ1+Δθ,
where θ1 is the phase angle of the fundamental voltage andΔθ is
the small-signal perturbation of the PLL output angle. According
to [17], the transfer function from the positive-sequence voltage
perturbation Vp at frequency fp to the PLL output phase pertur-
bation Δθp1 at frequency fp − f1 can be expressed as follows:

Gp(s) = Δθ±p1/V±p = ∓jTPLL(s)Gv(s± jω1) (18)

TPLL(s) = HPLL(s)/[s+ V1HPLL(s)] (19)

where Gv(s) = 1/(1 + sTv) represents the transfer function
of the voltage sampling filter; HPLL(s) = kpp + kpi/s repre-
sents the transfer function of the PLL controller; Tv is the
time constant of the input voltage sampling filter; kpp and
kpi are proportional and integral gains of the PLL controller,
respectively.

Moreover, Park’s transformation is defined as follows:

T (θPLL) =

2

3

⎡
⎣ cos θPLL cos(θPLL − 2π/3) cos(θPLL + 2π/3)
− sin θPLL − sin(θPLL − 2π/3) − sin(θPLL + 2π/3)

1/2 1/2 1/2

⎤
⎦ .

(20)

Then, the calculation of currents id and iq in the d–q frame
can be expressed as follows:

[ id iq 0 ]T = T (θPLL) · [ ia ib ic ]
T . (21)

Note that cos θPLL ≈ cos θ1−Δ θ sin θ1 and sin θPLL ≈
sin θ1 +Δ θcos θ1. Then, by substituting (18)–(20) and (6) into
(21), and applying the frequency-domain convolution theorem
[28], the frequency-domain expressions of id and iq can be

Ypp(s) =
Ip
Vp

=

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

1−KmVdcCp(s) KmVdcBp(s) KmVdcFp(s) +KmM1

−KmVdcCp2(s− j2ω1) (s− j2ω1)Lf +KmVdcBp2(s− j2ω1) KmVdcFp2(s− j2ω1) +KmM−1

−I−1Cp(s)− I1Cp2(s− j2ω1) I−1Bp(s) + I1Bp2(s− j2ω1) +M1 − [(s− jω1)Cdc + 1/RL]/(3Km)
+ I−1Fp(s) + I1Fp2(s− j2ω1)

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

sLf +KmVdcAp(s) KmVdcBp(s) KmVdcFp(s) +KmM1

KmVdcAp2(s− j2ω1) (s− j2ω1)Lf +KmVdcBp2(s− j2ω1) KmVdcFp2(s− j2ω1) +KmM−1

I−1Ap(s) + I1Ap2(s− j2ω1) +M−1 I−1Bp(s) + I1Bp2(s− j2ω1) +M1 − [(s− jω1)Cdc + 1/RL]/(3Km)
+ I−1Fp(s) + I1Fp2(s− j2ω1)

∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

(16)

Ypn(s) =
Ip2
Vp

=

∣∣∣∣∣∣∣∣

sLf +KmVdcAp(s) 1−KmVdcCp(s) KmVdcFp(s) +KmM1

KmVdcAp2(s− j2ω1) − KmVdcCp2(s− j2ω1) KmVdcFp2(s− j2ω1) +KmM−1

I−1Ap(s) + I1Ap2(s− j2ω1) +M−1 − I−1Cp(s)− I1Cp2(s− j2ω1) − [(s− jω1)Cdc + 1/RL]/(3Km)
+ I−1Fp(s) + I1Fp2(s− j2ω1)

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

sLf +KmVdcAp(s) KmVdcBp(s) KmVdcFp(s) +KmM1

KmVdcAp2(s− j2ω1) (s− j2ω1)Lf +KmVdcBp2(s− j2ω1) KmVdcFp2(s− j2ω1) +KmM−1

I−1Ap(s) + I1Ap2(s− j2ω1) +M−1 I−1Bp(s) + I1Bp2(s− j2ω1) +M1 − [(s− jω1)Cdc + 1/RL]/(3Km)
+ I−1Fp(s) + I1Fp2(s− j2ω1)

∣∣∣∣∣∣∣∣
(17)
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obtained as follows:

Id[f ] =

⎧⎪⎨
⎪⎩

Idr, f = 0

Gi(s± jω1)I±p

+ Gi(s∓ jω1)I±p2 + IqrΔθ±p1, f = ±(fp − f1)

(22)

Iq[f ] =

⎧⎨
⎩

Iqr, f = 0
∓ jGi(s± jω1)I±p

±jGi(s∓ jω1)I±p2−IdrΔθ±p1, f=± (fp−f1)

(23)

where Gi(s) = 1/(1 + sTi) represents the transfer function of
the current sampling filter; and Ti is the time constant of the
input current sampling filter; Idr and Iqr are the d- and q-axis
current references, respectively.

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

Δvdcr =
HPLL(s)−K

HPLL(s)
KωvsΔθ = Hm(s)Δθ (24)

where K denotes a proportional gain.
Moreover, according to the dc-link voltage control and the d-

and q-axis current decoupling control in Fig. 3, the modulating
signals cd and cq in the d–q frame can be obtained as

cd = [(Vdc +Δvdcr −Gd(s)vdc)Hv1(s)− id]Hi(s)−Kdiq
(25)

cq = (Iqr − iq)Hi(s) +Kdid (26)

where Hv1(s) = kvp1 + kvi1/s and Hi(s) = kip + kii/s are
the transfer functions of the dc-link voltage and dq-axis current
PI controller, respectively; Gd(s) = 1/(1 + sTd) is the transfer
function of the dc-link voltage sampling filter; kvp1 and kvi1 are
proportional and integral gains of the dc-link voltage controller
of the LCVIC, respectively; kip and kii are proportional and
integral gains of the current controller, respectively; Td is the
time constant of the dc-link voltage sampling filter; and Kd is
the decoupling gain.

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

ma = KfGv(s)va − (cos θPLLcd − sin θPLLcq) (29)

where Kf represents the feedforward gain.

Fig. 4. Control diagram of the LVSM.

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 fp and fp − 2f1 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 Zcp(s) and Zcn(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 Q, and input voltage
magnitude vm of the LVSM can be calculated as follows:

⎧⎪⎨
⎪⎩

P = 1.5(vαiα + vβiβ)

Q = 1.5(vβiα − vαiβ)

vm =
√

v2α + v2β .

(30)

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

vm =
√

v2α + v2β = {V 2
1 + 2VpV1 cos[2π(fp−f1)t+ϕvp]}1/2

≈ V1 + Vp cos[2π(fp − f1)t+ ϕvp]. (31)

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Ap(s) = [Hi(s− jω1)− jKd]Gi(s)

Bp(s) = 0

Cp(s) = {j0.5Hi(s−jω1)Hm(s−jω1)Hv1(s−jω1)+[jKd−Hi(s−jω1)]I1+M1−KfV1}TPLL(s−jω1)Gv(s)+KfGv(s)

Fp(s) = 0.5Hv1(s− jω1)Hi(s− jω1)Gd(s− jω1)

(27)⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Ap2(s) = 0

Bp2(s) = [Hi(s+ jω1) + jKd]Gi(s)

Cp2(s) = {j0.5Hi(s+jω1)Hm(s+jω1)Hv1(s+jω1)+[Hi(s+jω1)+jKd]I−1+KfV−1−M−1}TPLL(s+jω1)Gv(s+j2ω1)

Fp2(s) = 0.5Hv1(s+ jω1)Hi(s+ jω1)Gd(s+ jω1)

(28)
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Therefore, considering the sampling low-pass filters Gi(s)
and Gv(s), the active power, reactive power, and voltage ampli-
tude can be expressed in the frequency domain as follows:

P[f ] =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

3(V−1I1 +V1I−1), f = 0

3[Gi(s± jω1)V∓1I±p

+ Gv(s± jω1)I∓1V±p

+ Gi(s∓ jω1)V±1I±p2], f = ±(fp − f1)

(32)

Q[f ] =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

j3(V−1I1 −V1I−1), f = 0

± j3[Gi(s± jω1)V∓1I±p

− Gv(s± jω1)I∓1V±p

− Gi(s∓ jω1)V±1I±p2], f = ±(fp − f1)

(33)

Vm[f ] =

{
V1, f = 0

Gv(s± jω1)V±p, f = ±(fp − f1)
(34)

where Gv(s) = 1/(1 + sTv) and Gi(s) = 1/(1 + sTi) 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 em of the inner electric potential eabc of the LVSM
can be expressed in the frequency domain as follows:

em[f ] =

{
Em, f = 0
kqQ[f ]− kvVm[f ], f = ±(fp − f1)

(35)

where Em represents the magnitude reference of inner electric
potential; and kq and kv 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 Δθ of the controller can be obtained
in the frequency domain as follows:

Δθ±p1 = T (s){P[±(fp − f1)]/ω1 +Gd(s)Hv2(s)V±dp}
(36)

T (s) = 1/[Js2 + (D − Pload/ω
2
1)s] (37)

where Gd(s) = 1/(1 + sTd) represents the transfer function
of the dc-link voltage sampling filter; Hv2(s) = kvp2 + kvi2/s

represents the transfer function of the dc-link voltage PI con-
troller; J represents the virtual moment of inertia; D represents
the droop coefficient; Pload represents the active power reference
value; and kvp2 and kvi2 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 θ = cos(θ1+Δθ) ≈ cos θ1−Δ θ sin θ1,
where θ1 represents the phase angle of the fundamental volt-
age. By substituting (36) and (37) into cos θ and applying the
frequency-domain convolution theorem, cos θ can be expressed
in the frequency domain as (38), shown at the bottom of this
page, where ϕvir = −arcsin[2Ploadω1Lf/(3EmV1)] 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:

ma = {[Gv(s)va − em cos θ]/(sLf )−Gi(s)ia}Hr(s) (41)

where Hr(s) = −[krp + krr/(s
2 + 2ωcs+ ω2 1)] is the trans-

fer function of the quasi-PR controller in the input current loop;
krp, krr, andωc 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 fp and fp − 2f1 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
impedancesZmp(s) andZmn(s) of the LVSM can be calculated.

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 Zcp(s) and Zcn(s) represent the positive-
and negative-sequence impedances of the LCVIC, respectively.

cosθ[f ] =

⎧⎪⎨
⎪⎩

0.5e±jϕvir , f = ±f1

±j0.5e±jϕvirT (s∓ jω1){P[±(fp − f1)]/ω1 +Hv2(s∓ jω1)Gd(s∓ jω1)V±dp}, f = ±fp

∓j0.5e∓jϕvirT (s± jω1){P[±(fp − f1)]/ω1 +Hv2(s± jω1)Gd(s∓ jω1)V±dp}, f = ±(fp − 2f1)

(38)

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Ap(s) = [−j3EmejϕvirT (s− jω1)V−1/ω1 − j3kqe
jϕvirV−1 − 2sLf ]Hr(s)Gi(s)/(2sLf )

Bp(s) = 3ejϕvir [jkqV1 − jEmT (s− jω1)V1/ω1]Hr(s)Gi(s− j2ω1)/(2sLf )

Cp(s) = [−j3EmejϕvirT (s− jω1)I−1/ω1 + j3kqe
jϕvirI−1 + kve

jϕvir + 2]Hr(s)Gv(s)/(2sLf )

Fp(s) = −jEmejϕvirT (s− jω1)Hv2(s− jω1)Hr(s)Gd(s− jω1)/(2sLf )

(39)

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Ap2(s) = 3e−jϕvir [jEmT (s+ jω1)V−1/ω1 − jkqV−1]Hr(s)Gi(s+ j2ω1)/(2sLf )

Bp2(s) = [−2sLf + j3Eme−jϕvirT (s+ jω1)V1/ω1 + j3kqe
−jϕvirV1]Hr(s)Gi(s)/(2sLf )

Cp2(s) = 3e−jϕvir [jEmT (s+ jω1)I−1 + jkqI−1 + kv]Hr(s)Gv(s+ j2ω1)/(2sLf )

Fp2(s) = jEme−jϕvirT (s+ jω1)Hv2(s+ jω1)Hr(s)Gd(s+ jω1)/(2sLf )

(40)
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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 I
SYSTEM PARAMETERS OF THE LCVIC

TABLE II
SYSTEM PARAMETERS OF THE LVSM

Zg(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 Zmp(s) and Zmn(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

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 Zg(s) in this frequency band when the grid
becomes weakened. Furthermore, Zg(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 Zg(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 Zg(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 Zg(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 (Ic) in
parallel with an input impedance (Zc) [30]. Therefore, the input
current can be calculated as follows:

I(s) =

[
Vg(s)

Zc(s)
− Ic(s)

]
1

1 + Zg(s)/Zc(s)
. (42)

Because the ideal grid voltage Vg(s) is stable when unloaded
and the LCVIC can maintain stable when powered from the ideal
grid, i.e., 1/Zc(s) has no poles in the right-half plane (RHP), so
that the system stability depends on 1/[1 + Zg(s)/Zc(s)]. Since
the impedance ratioZg(s)/Zc(s) has no RHP poles, it is feasible
to check simply whether the Nyquist plots of Zg(s)/Zc(s)
encircle (−1, j 0) to judge the stability.
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Fig. 7. Nyquist plots of LCVIC impedance ratios for stability assessment
with different parameters. (a) Different Lg when Kωv = 23 V/(rad/s),
BWPLL = 60 Hz, and Pload = 10 kW. (b) Different Kωv when Lg = 3.8 mH,
BWPLL = 60 Hz, and Pload = 10 kW. (c) Different BWPLL when Lg = 3.8
mH, Kωv = 23 V/(rad/s), and Pload = 10 kW. (d) Different Pload when Lg =
4.8 mH, Kωv = 23 V/(rad/s), and BWPLL = 60 Hz.

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

I(s) = (Vg(s)− Vm(s))
1

Zm(s) + Zg(s)

= (Vg(s)− Vm(s))
1/Zm(s)

1 + Zg(s)/Zm(s)
. (43)

Because the ideal grid voltage Vg(s) and the ideal equivalent
output voltage of LVSM Vm(s) are stable, so that the system
stability depends on 1/[Zm(s) + Zg(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 Zm(s) is generally higher than that of Zg(s), the
impedance ratio Zg(s)/Zm(s) is used to judge the stability.
The grid impedance Zg(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 Zg(s)/Zm(s) equals
the number of RHP zeros of Zm(s).

B. Stability Comparison Analysis of the LCVIC and the LVSM

Fig. 7 shows the Nyquist plots (frequency from 0 to 105 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 Lg . When Lg ≥ 5.1 mH, the Nyquist plot encircles (−1,
j 0) and the system is unstable. In Fig. 7(b), when the inertia

Fig. 8. Nyquist plots of the LVSM impedance ratios for stability assessment
with different parameters. (a) Different Lg when J = 0.202 kg·m2 and Pload =
10 kW. (b) Different J when Lg = 3.8 mH and Pload = 10 kW. (c) Different
Pload when Lg = 4.8 mH and J = 0.202 kg·m2.

control gainKωv ≥ 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 (BWPLL). When BWPLL ≥ 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 105 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 Lg 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
fs is selected 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 Lg 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 Kωv 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 BWPLL 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 matterLg is increased to 10 mH, J is increased
to 0.808 kg·m2, 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

Fig. 10. Experimental waveforms and harmonic spectra analyses of the
LCVIC with different parameters. (a) Lg is increased from 4.8 to 5.1 mH when
Kωv = 23 V/(rad/s), BWPLL = 60 Hz, and Pload = 10 kW. (b) Kωv is
increased from 35 to 40 V/(rad/s) when Lg = 3.8 mH, BWPLL = 60 Hz, and
Pload = 10 kW. (c) BWPLL is increased from 120 to 140 Hz when Lg =
3.8 mH, Kωv = 23 V/(rad/s), and Pload = 10 kW. (d) Pload is increased from
10 to 20 kW when Lg = 4.8 mH, Kωv = 23 V/(rad/s), and BWPLL = 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. 11. Experimental waveforms of the LVSM with different grid inductance
values. (a) Lg is increased from 4.8 to 5.1 mH when J = 0.202 kg·m2 and
Pload = 10 kW. (b) Lg is increased from 5.1 to 10 mH when J = 0.202 kg·m2

and Pload = 10 kW. (c) J is increased from 0.202 to 0.808 kg·m2 when Lg =
3.8 mH and Pload = 10 kW. (d) Pload is increased from 10 to 20 kW when
Lg = 4.8 mH and J = 0.202 kg·m2.

Fig. 12. Frequency responses for the sequence impedances of the LCVIC
corresponding to different experimental parameters. (a) When Lg = 5.1 mH in
Fig. 10(a). (b) When Kωv = 40 V/(rad/s) in Fig. 10(b). (c) When BWPLL =
140 Hz in Fig. 10(c). (d) When Pload = 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

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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