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Three-phase Three-level NPC Inverter Connected to

the Grid
Bo Zhang, Student Member, IEEE, Xiong Du, Member, IEEE, Jingbo Zhao, Jiapei Zhou,
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Abstract—The interaction between grid-connected inverters
and the grid may cause stability issues, and compromise the
reliable operation of the inverters. This study investigates the
stability of a three-level neutral point clamped (NPC) inverter
connected to the grid using impedance-based methods. Because
the impedance model of a three-phase three-level NPC inverter
has not yet been reported, this study fills the literature gap
by analyzing the influence of three-level DC-side neutral point
control on the impedance characteristics. By fully considering the
DC bus dynamics and DC voltage control loop, and the current
loop and phase-locked loop (PLL), the admittance model of a
three-phase three-level NPC inverter is established and verified
by simulation. Additionally, in the stability analysis of a three-
level NPC inverter grid-connected system, the frequency coupling
introduced by the PLL and DC bus dynamics is included with
the help of an established admittance model. The stability of the
grid-connected system under different grid short circuit ratios
(SCR) and operating power levels is analyzed according to the
Nyquist stability criterion. The experimental results revealed that
the established impedance model of the three-phase three-level
NPC inverter can properly represent the stability of this system.

Index Terms—Grid-connected inverter, neutral point control,
stability, three-level.

I. INTRODUCTION

THE concept of three-level converters was proposed by
Nabae et al. at the 1980 annual meeting of the Institute
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Electrical and Electronic Engineers [1]. Compared with two-
level converters, three-level NPC inverters have certain advan-
tages, such as higher operating power levels, higher efficiency,
lower switching frequency, and lower total harmonic distortion
(THD) [2]–[4]. In recent years, with the fast development
of renewable energy, two-level inverters may be replaced by
three-level inverters in various high-power renewable energy
generation situations, such as offshore wind farms [5].

Owing to the complex dynamic characteristics of grid-
connected inverters, the interaction between the grid and an
inverter may cause stability issues and compromise the safe
operation of the power grid. For example, offshore wind farm
accidents have occurred in the North Sea, Germany [6], and the
Hami wind farm in Xinjiang, China [7], [8]. These instability
problems are closely related to the dynamic characteristics of
power electronic equipment, and small signal analysis is an
effective method of analyzing and solving such problems [9],
[10].

There are primarily two methods for analyzing the small sig-
nal stability of a grid-connected inverter system: the state space
analysis method, and the impedance analysis method [11].
The state space method rebuilds the state space equations
under the condition of a changing system structure or changing
parameters, but the “curse of dimensionality” exists in state
space methods applied to complex systems [12]. Compared
with the state space model, the impedance of the inverter and
grid are independent from each other, and it is not necessary to
re-establish all impedance models when the system structure
or parameters change. Hence, impedance-based analysis has
been widely used [13]. Impedance-based methods require
the impedance models of the inverter and grid, respectively.
Impedance modeling and analysis are primarily divided into
two categories: modeling and analysis using the dq impedance
matrix established in a synchronous reference frame [14], [15],
and the sequence domain impedance model, which can be
established by harmonic linearization in a stationary reference
frame for stability analysis [16], [17].

After obtaining the impedance of the inverter and grid, these
impedances or admittances can be analyzed using the Nyquist
criterion or generalized Nyquist criterion (GNC) to investigate
the system stability [18]. In the dq domain, a matrix is used
to represent the coupling between the dq components of the
impedance, and the generalized Nyquist criterion should be
used in system stability analysis [19]. However, it is difficult
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to use generalized Nyquist analysis to obtain the stability
margin. Moreover, it is difficult to measure the dq impedance
matrix in practical applications [20]. Using the small-signal
linearization method, a sequence impedance model can be
established, which makes the physical meaning of the model
clear and easy to measure in practical situations. Additionally,
the Nyquist stability criterion can be used to analyze the
system stability [21].

Most existing studies have investigated two-level grid-
connected inverters in wind power and solar power generation
applications and for stability analysis [16], [22], [23]. With the
rapid development of renewable energy generation, three-level
three-phase NPC inverters have started entering the renewable
energy market. However, the stability issue is a potential
problem, seeing as it has already occurred for two-level three-
phase inverters. Nevertheless, the impedance of three-phase
three-level inverters has not yet been reported. Compared with
a three-phase two-level inverter, the controller of a three-level
inverter is more complicated and the three level inverter has
more components. Hence, more factors need to be considered
in the modeling. For example, the effects of the neutral point
controller and the DC side capacitors.

This study fills the literature gap by proposing the
impedance model of a three-level three-phase NPC in-
verter. A three-phase three-level NPC grid-connected inverter
impedance model was established within the stationary ref-
erence frame. Unlike sequence impedance modeling in the
stationary reference frame, this method unifies the positive and
negative sequence into a complex variable and simplifies the
expression. Moreover, the accompanying admittance produced
by the frequency coupling makes the modeling more accurate.
More importantly, the influence of the neutral point control of
the three-level NPC grid-connected inverter on its impedance
characteristics is discussed in detail, and the impedance char-
acteristics are compared with those of two-level inverters. The
established model was used to analyze the system stability of
a three-phase three-level NPC inverter connected to the grid.

II. TOPOLOGY AND CONTROL COMPARISON OF
THREE-LEVEL AND GRID-CONNECTED TWO-LEVEL

INVERTERS

The topology and control circuit of a three-level NPC
and two-level grid-connected inverter is shown in Fig. 1,
and depicts the power circuit and control circuit with some
differences in each part.

In the power circuits, compared with two-level grid-
connected inverters, two series capacitors C are used on the
DC side of three-level NPC inverters, and the voltages across
these two capacitors provide the AC-side three-level outputs
Vdc/2, 0 and −Vdc/2, respectively. The AC output waveform
is further approximated to a sine waveform, and its THD is
lower. Moreover, the inverter bridge also exhibits two-level
and three-level inverters, and 12 IGBTs and six anti-paralleled
diodes form the three-level NPC inverter bridge. This enables
the three-level inverter to operate at higher voltage and higher
power. In the remaining parts of the power circuit, the three-
level NPC and two-level grid-connected inverters have the
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Fig. 1. Topology of grid-tied inverters.

same L filter, where L is the AC filter inductor. The equivalent
grid impedance Z and three-phase voltage source vabc is used
to model the grid; vabc,pcc and iabc are the grid voltage and
current at the point of common coupling (PCC), respectively;
vdc and idc are the voltage and current on the DC side.

In the control circuit, the two-level and three-level NPC
inverter both consist of the current loop, voltage loop, and
phase-locked loop (PLL); Gc and Gv are the PI controllers
of the current loop and voltage loop, respectively; vmq and
vmd are modulation signals in the dq domain; HPLL is the
open-loop transfer function of PLL. The difference between
the three-level NPC inverter and the two-level inverter control
structure is that the three-level inverter has aDC-side neutral
point control. Because the charging or discharging of the DC-
side capacitors by the AC-side injection current may cause the
imbalance to the DC-side capacitor voltages, feedback control
is typically used to maintain the capacitor voltage balance. The
feedback control structure is shown in Fig. 2.

ΔVref=0 ΔVVm INPk

NPVR

−

SVPWM I
(C1+C2)s

2

Fig. 2. Neutral point control structural diagram.

In Fig. 2, ∆V is the voltage difference between the upper
and lower capacitors on the DC-side; ∆Vref is the reference
value of ∆V , and is set to zero to ensure equal capacitance
voltage; NPVR means neutral point potential regulator, which
consists of the input filtering, output limiting, and proportional
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loop; k is the control factor for controlling the switching
time between the positive and negative small vectors; Vm is
the modulation signal, which determines the current injected
into the neutral point of each phase; I is the three-phase
current on the AC-side; INP is the three-level neutral point
current; C1 and C2 are the upper and lower capacitance values,
respectively.

III. IMPEDANCE CHARACTERISTICS OF THREE-LEVEL
GRID-CONNECTED INVERTERS

A. Influence of Neutral Point Control on Impedance Charac-
teristics

Compared with two-level inverters, the neutral point con-
troller is added into the control structure of three-level NPC
inverters. Therefore, it is necessary to analyze the influence of
a neutral point control on the impedance characteristics. The
impedance in the frequency domain is determined by the ratio
of the perturbed voltage to its response current. If the injected
perturbation signal does not have a perturbation path through
the neutral point controller, then, the neutral point controller
has no effect on the impedance characteristics of three-level
NPC inverters. The output of the three-level neutral-point
controller acts on the input of the inverter modulator. Thus,
it is necessary to analyze the influence of the neutral point
control on the impedance characteristics of both the AC and
DC sides. The small signal perturbation equivalent circuit of
the neutral point control of the three-level NPC inverter is
shown in Fig. 3.

Switch Table

Modulation

AC Impedance

DC Impedance

Ipdc

VpC1

VpC2

Vpm

Vp

IpL

kp

Vpdc

C2

C1

IpNP

Controller

+

+

Fig. 3. Small signal perturbation equivalent circuit of neutral point control
of NPC three-level inverter.

In Fig. 3, Ipdc and Vpdc are the current and voltage
perturbation on the DC side, respectively; Vp and Ip are the
three-phase voltage and current perturbation injected into the
AC side, respectively, and the injected three-phase perturbation
signals are symmetrical. The other perturbations are the same.

The perturbation paths of the three-level NPC inverter neu-
tral point control are shown in Fig. 4. When the perturbation
Ip from the AC side and perturbation Ipdc from the DC side
pass through the neutral point control loop, it is necessary to
assess whether line 1 and line 2 provide perturbation signal
responses.
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Fig. 4. Perturbation path of neutral point control.
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For line 1, analysis was carried out through three-level mod-
ulation. Fig. 5 shows the relationship between the three-level
space vector modulation (SVM) and the double carrier pulse
width modulation (DCPWM), which reflects the relationship
between the SVM and the DCPWM in one switching period.
The upper part shows the DCPWM and the lower part shows
the SVM; tS, tM, and tL are the switching time of the small,
medium, and large vectors, respectively; da, db, and dc are the
duty cycle signals of the three-phase modulation waveforms
in one switching cycle, and have corresponding relationships
as indicated by the red and blue lines in Fig. 5.

The blue line represents the steady-state point of the neu-
tral control factor. When a perturbation with frequency ωp

acts on the control loop, a perturbation kp on the balance
factor k will be generated, and will change the switching
time between the positive and negative small vectors. Cor-
responding to DCPWM in Fig. 5, the three-phase modulated
signals simultaneously deviated with a downward amplitude,
as indicated by the red line in Fig. 5. This is equivalent to
adding a zero sequence perturbation to the modulation signal;
the other switching cycles are the same. For a three-phase
three-line system, the zero-sequence perturbation generated by
the neutral-point controller will not pass through the AC side
of the inverter, and will not affect the inverter’s AC output.
Therefore, there is no perturbation path in line 1.

For line 2, the small signal relationship between the capaci-
tors’ perturbation VpC1 and VpC2 and the midline current IpNP

was established in [24], as shown in Fig. 6.
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Fig. 6. Neutral point small signal perturbation model of three-level inverter.

As can be seen in Fig. 6, when IpNP acts on the neutral
point of the DC side, the perturbation of the upper and lower
capacitors has the opposite amplitude. When the capacitance
is imbalanced, only the perturbation of the current on the
capacitor will be affected. Therefore, the sum of the upper
and lower capacitor voltage perturbation is always equal to
zero, and there is no perturbation path in line 2.

In summary, the input perturbation cannot form a pertur-
bation path through the neutral point control loop; therefore,
the neutral point control has no effect on the impedance
characteristics of three-level inverters, both on the DC side and
AC side. This conclusion will be further discussed in part C.

B. AC-side and DC-side Impedance

According to the analysis in part A, the neutral point
controller has no effect on the impedance characteristics;
therefore, it can be ignored when establishing the three-level
impedance model. A small signal block diagram for a three-
level NPC grid-connected inverter was established as shown
in Fig. 7. This diagram describes the relationship between the
perturbation and response on the AC and DC sides of the
inverter.
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Fig. 7. Perturbation block diagram of three-level grid-tied inverters.

In Fig. 7, Vp,ωp
is the voltage perturbation at frequency ωp

on the AC side; Ip,ωp
is the current response at frequency ωp

on the AC side; Ip,ωp−2ω1
is the coupled current response

generated by the PLL and DC voltage loop at frequency
(ωp − 2ω1); Vpdc,ωp−ω1 is the voltage perturbation on the dc
side. Ipdc,p−ω1

is the dc-side current perturbation; ωp DCis the
perturbation frequency and ω1 is the fundamental frequency
of the grid. The blue part indicates the influence of the non-
ideal DC bus dynamics and DC voltage control loop, while the
red part indicates the accompanying admittance caused by the
PLL. According to the perturbation block diagram, it can be
concluded that Ysa(jωp) is the self-admittance of the inverter
and Yaa(jωp) is the accompanying admittance of the inverter,

as follows:

Ysa(ωp) =
Ip,ωp

Vp,ωp

= −Ya1(ωp)

+
Ya0(ωp)Y01(ωp − ω1)

Y00(ωp − ω1) + Ydc(ωp − ω1)
(1)

Yaa(ωp) =
Ip,ωp−2ω1

Vp,ωp

= −Y ∗
a2(ωp)

+
Y ∗
a0(ωp)Y ∗

02(ωp − ω1)

Y ∗
00(ωp − ω1) + Ydc(ωp − ω1)

(2)

By calculating each part of the above equations, the three-
level NPC inverter admittance model with consideration to
the dynamics of non-ideal DC bus and frequency coupling
can be established. The small signal equation of the current
relationship between the AC side and DC side of the inverter
can be expressed as follows:

Ipdc,ωp−ω1 =
3

2
[Dpdq,ωp−ω1I

∗
dq + D∗

dqIpdq,ωp−ω1 ] (3)

where Dpdq,ωp−ω1
is the perturbation of the duty cycle of the

inverter at frequency (ωp − ω1); Xdq is the steady-state value
of X in the dq domain; X∗

dq and Xdq conjugate each other;
X denotes the ac-side current I , grid voltage V , and duty
cycle of inverter D in the complex frequency domain; Ddq

can be expressed as follows:

Ddq =
jω1LIdq + Vdq

Vdc
(4)

Assuming that the DC side voltage is stable. The small sig-
nal equation of the three-level control circuit can be expressed
as follows:

Dpdq,ωp−ω1
=

1

2Vcr
[−Gc(ωp − ω1) + j1L]Ipdq,ωp−ω1

(5)

where Vcr is the equivalent carrier amplitude and 2Vcr = Vdc.
The relationship between the current and the voltage on the
AC side can be expressed as follows:

Ipdq,ωp−ω1

Vp,ωp

=
−1

j(ωp − ω1)L + Gc(ωp − ω1)
(6)

By combining (4), (5), and (6) into Equation (3), we obtain
the following relationship:

Ya0(ωp) =
Ipdc,ωp−ω1

Vp,ωp

=
−3

2Vdc

V ∗
dq −Gc(ωp − ω1)I∗

dq

j(ωp − ω1)L + Gc(ωp − ω1)
(7)

According to [19], the self and accompanying admittance
models in the AC side Ya1(ωp) and Ya2(ωp) can be established
without considering the DC bus dynamics, as expressed in (8)
and (9), respectively.

Ya1(ωp) =
Ip,ωp

Vp,ωp

= (8)

− 1−0.5DdqVdcTPLL(ωp−ω1)+0.5[jω1L−Gc(ωp−ω1)]IdqTPLL(ωp−ω1)
j(ωp−ω1)L+Gc(ωp−ω1)

.

Ya2(ωp) =
Ip,ωp−2ω1

Vp,ωp

= (9)

−
0.5 TPLL(ωp − ω1)[VdcD

∗
dq−jωpLI

∗
dq+Gc(ωp − ω1)I∗

dq]

j(ωp − ω1)L+Gc(ωp − ω1)
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The small signal model of the power circuit is expressed in
(10), without consideration to voltage perturbations on the AC
side. The small signal model of the inverter control circuit is
expressed by (11). By combining (10) and (11), we can obtain
the relationship expressed in (12).

j(ωp − ω1)LIpdq,p−ω1
+ ω1LIpdq,ωp−1

=

Dpdq,ωp−ω1
Vdc + D∗

dqVpdc,ωp−1
(10)

Dpdq,ωp−ω1 = (11)
Gc(ωp−ω1)[Vpdc,ωp−ω1

Gv(ωp−ω1)−Ipdq,ωp−ω1
]+j1LIpdq,ωp−ω1

2Vcr

Ipdq,ωp−ω1

Vpdc,ωp−ω1

=
D∗

dq + Gc(ωp − ω1)Gv(ωp − ω1)

j(ωp − ω1)L + R + Gc(ωp − ω1)
(12)

The DC side voltage perturbation at frequency ωp also
generates a DC side current response at frequency ωp, and
two AC side current responses: one at frequency (ωp + ω1)
and another at (ωp − ω1). Therefore, Y01(jωp) and Y02(jωp)
can be expressed as follows:

Y01(ωp) =
Ip,ωp+1

Vpdc,ωp

= 0.5
Ddq + Gc(ωp)Gv(ωp)

jωpL + Gc(ωp)
(13)

Y02(ωp) =
Ip,ωp−1

Vpdc,ωp

= 0.5
D∗

dq + Gc(ωp)Gv(ωp)

jωpL + Gc(ωp)
(14)

By substituting (11) and (12) back into (3), the DC side
admittance of the inverter Y00(jωp) can be obtained as ex-
pressed in Equation (15). From the analysis of part A, it can
be concluded that the perturbation of the DC-side neutral point
has no effect on the DC-side capacitor voltage; therefore,
the three-level DC-side capacitor can be processed as an
equivalent series connection. The admittance of the DC-side
capacitor is expressed by (16), where Rc is the equivalent
series resistance of the dc-side capacitance.

Y00(ωp) =
Ipdc,ωp

Vpdc,ωp

= (15)

3

2

D∗
dqDdq+DdqGc(ωp)Gv(ωp)+

Idq
Vdc

[j(ωp−ω1)L]Gc(ωp)Gv(ωp)

−
D∗

dqIdq

Vdc
[j1L+Gc(ωp)]

jωpL + Gc(ωp)

Ydc(ωp) =
jωpC1C2

jωpC1C2Rc + C1 + C2
(16)

C. Verification of Impedance Model

The three-level NPC grid-connected inverters shown in
Fig. 1 were built in Matlab/Simulink. In the impedance
simulation scanning, the impedance of the grid was set to
zero. In the simulation, two cases were tested for the three-
level NPC inverter: the DC-side capacitance was balanced
and unbalanced, respectively. In the unbalanced case, the
capacitance ratio was set to 1:3 to simulate the extreme
imbalanced condition on the DC side. Simultaneously, the
equivalent capacitance was equal both in the balanced and
imbalanced cases. To ensure the reliability of the simulation,
the simulation step was 0.01 times the switching period. The
simulation parameters are presented in Table I, and were also
used in the stability section for experimental testing.

In the simulation verification, a three-phase symmetrical
perturbation voltage signal with frequency ωp was injected

TABLE I
INVERTER PARAMETERS

Parameter Three-level inverter Two-level inverter
Rated Power 24 kW 24 kW
Grid Voltage
(phase-phase RMS) 190.5 V 190.5 V

Grid Frequency 50 Hz 50 Hz
Switching Frequency 10 kHz 10 kHz
DC Side Voltage 500 V 500 V
Filter Inductor 1.5 mH 1.5 mH

DC Side Capacitor
20 mF/20 mF
(balance) 10 mF

13.3 mF/40 mF
(imbalance)

Current loop PI 3.54/1411 3.54/1411
Voltage loop PI 2/7.8 2/7.8
PLL PI 4.6/269.5 4.6/269.5

into the PCC, and the amplitude of the injection perturbation
was 5% of the grid voltage amplitude. The output grid-
connected current was measured at the ωp and (ωp − 2ω1)
frequency, respectively. The self-admittance Ysa and accom-
panying admittance Yaa at the ωp frequency can be obtained
by measuring the magnitude of the current and voltage,
respectively. The admittance curve on the AC side can be
obtained by changing the value of ωp, which is the same
as that on the DC side. The three models, Ysa, Yaa, and
YD, derived from the mathematical model established in part
B and the corresponding simulation results, are presented in
Fig. 8. The DC-side admittance model YD comprises the DC-
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side admittance model of inverter Y00 and the capacitance
admittance model Ydc in parallel. Therefore, the DC side
admittance model YD(jωp) = Ydc(jωp) + Y00(jωp).

The solid line in Fig. 8 is a Bode diagram based on the math-
ematical models Ysa, Yaa, and YD. The dotted lines represent
the simulation results under different simulation conditions.
The red dotted line indicates the measured admittance of three-
level NPC grid-connected inverters when the capacitance is
balanced on the DC side; the blue dotted line indicates the
measured admittance when the capacitance is imbalanced; the
yellow line indicates the admittance of the two-level inverter.
As can be seen in Fig. 8, the amplitude-frequency curve and
phase-frequency curve of the simulation results are consistent
with the mathematical model. Additionally, it was validated
that the balance of the upper and lower capacitor voltage on
the dc side has no effect on the impedance characteristics. The
impedance of three-level NPC inverters is only related to the
series value of the upper and lower capacitors. Additionally,
it was validated that the neutral point balance control loop
has no effect on the impedance characteristics of three-level
NPC inverters. The impedance characteristics of the neutral
point control loop can be ignored. Therefore, the impedance
characteristics of three-level NPC inverters are the same as
those of two-level inverters.

IV. STABILITY ANALYSIS

The three-level NPC inverter stability was analyzed using
the Nyquist stability criterion according to the impedance
model presented in Section III. The grid impedance shown
in Fig. 1 is expressed as follows:

Z(jωp) =
jωpLg(1 + jωpRgCg)

−ω2
pLgCg + jωpRgCg + 1

(17)

where Rg = 3 Ω and Cg = 5 uF.
From [19], it is known that when there is a voltage per-

turbation with frequency ωp in the grid-connected inverters,
grid-connected currents at frequency ωp and (ω1 − 2ωp) will
be generated. The current at these two frequencies will interact
with the grid impedance, and there will exist a coupling
relationship, as shown in Fig. 9. According to the diagram,
the open-loop transfer function of the grid impedance and the
inverter admittance can be obtained as follows:

T (ωp) = (18)

Z(ωp)

(
Ysa(ωp) − Z∗(2ω1 − ωp)Y ∗

aa(ωp)Yaa(2ω1 − ωp)

1 + Z∗(2ω1 − ωp)Y ∗
sa(2ω1 − ωp)

)

Ysa(ωp)

Y*sa(2ω1−ωp)

Yaa(2ω1−ωp)Yaa(ωp) −Z*(2ω1−ωp)

Ip,ωp−2ω1

Vp,ωp−2ω1

Ip,ωp
Vp,ωp

−Z(ωp)

Σ

Σ

Σ

Fig. 9. Perturbation model diagram of three-phase grid-tied inverter system.

When a grid connected inverter is running under different
conditions, the parameter change in T (s) will lead to the
change of the Nyquist curve. When the Nyquist curve does not
surround point (−1, j0), the system is stable; otherwise, it may
become unstable. The later part of this section will introduce
the influence of parameter change (indicated in red in Fig. 1)
on inverter stability. Part B analyzes the influence of the
equivalent grid impedance Z change on inverter stability. Part
C analyzes the influence of the inverter power change caused
by the Idc on stability, and Part D analyzes the influence of
the PLL PI parameter change on inverter stability.

A. Experimental Platform

This study carried out stability analysis for a three-level
NPC grid-connected system using a controller hardware-in-
the-loop experimental platform, whose structure is shown in
Fig. 10. The controller program was written on the digital
signal processor; the interruption frequency was 10 kHz; the
power circuit was built in RT-LAB; the transfer board was
used for signal conversion and power amplification.

Control DSP+
FPGA

Interface
Board

RTLAB
OP5600

Experimental PlatformPower Circuit

Control Circuit

PCC

L Z

PLL abc/dq

abc/dq

Switch Table

idq

iabc

Vdc

vabc

θ

θ

+

−

Fig. 10. Experimental platform.

B. Effect of Grid Short Circuit Ratio

The inverter operated at rated power (P = 24 kW). When
the short circuit ratio changed, the Nyquist curve of T (s) and
the current waveform at the PCC are shown in Fig. 11.

As can be seen, when the grid short circuit ratios (SCR)
was 2.3, the Nyquist curve of T (s) did not surround (−1, j0),
which indicates that the grid-connected inverter system was
stable. Additionally, the grid current iabc of the three-level
NPC and two-level inverters was also stable, which confirms
the validity of the stability analysis result.

As can be seen in Fig. 11(b), when the grid SCR was 1.5,
the Nyquist curve of T (s) surrounded (−1, j0), which indi-
cates that the grid-connected inverter operated under unstable
conditions. Moreover, the divergence of the output current iabc
of the two inverter types confirms the validity of the stability
analysis.

C. Effect of Operating Power

When SCR was 1.8, the inverters operated at 75% rated
power and 100% rated power, respectively. The Nyquist curve
of the equivalent open-loop transfer function T (s) of the
system and the output current iabc of the inverter are shown
in Fig. 12.

As can be seen in Fig. 12(a), when the inverter operated at
75% rated power, the Nyquist curve did not surround (−1, j0),
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Fig. 11. Experimental results of inverter working under different grid
impedance. (a) kSCR = 2.3. (b) kSCR = 1.5.

which indicates that the grid-connected inverter operated sta-
bly. Moreover, the grid current iabc of the three-level NPC
and two-level inverter was stable, which confirms the validity
of the stability analysis.

As can be seen in Fig. 12(b), when the inverter operated at
rated power, (−1, j0) was surrounded by the Nyquist curve.
This indicates that the grid-connected system operated under
unstable conditions. Moreover, the divergence of the invert-
ers’ output current iabc confirms the validity of the stability
analysis.

D. Effect of PLL Parameters

As discussed in part C, the stability of the two inverters
was unstable when SCR was equal to 1.8 and the inverters
operated at rated power. At this time, the PLL parameters were
as presented in Table I. When the PLL parameters changed to
2.9/169.3, the Nyquist curve of T (s) and the grid current at
PCC were as shown in Fig. 13.

As can be seen in Fig. 13, the Nyquist curve did not
surround (−1, j0), which indicates that the two grid-connected
inverter types operated stably. Moreover, the grid current iabc
of the three-level NPC and two-level inverter was stable, which
confirms the validity of the stability analysis and that the PLL
parameters can affect the stability of grid-connected inverters.

From the analysis and experimental results, it is concluded
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Fig. 12. Experimental results of inverter working under different power
levels. (a) 75% rated power. (b) Rated power.
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Fig. 13. Experimental results of inverter working under different PLL
parameters.

that when the grid impedance, PLL parameters, or operating
power of the inverter change, the stability characteristics of
inverter systems may also change. The established impedance
model can properly represent the system stability.

V. CONCLUSION

Based on the comparison between a two-level and a three-
level NPC grid-connected inverter, the influence of neutral
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point balance control on the impedance of the three-level NPC
inverter was analyzed. Considering the frequency coupling
caused by non-ideal DC bus voltage and phase-locked loop,
the impedance model of a three-phase three-level NPC grid-
connected inverter was established. The stability analysis re-
sults revealed that the model can accurately analyze the stabil-
ity of three-level NPC grid-connected inverters under different
power levels, grid impedance, and controller parameters. The
following conclusions were drawn from this study:

1) The three-level neutral point controller has no effect
on the impedance characteristics, regardless of whether the
DC capacitor is balanced or imbalanced. Three-level and two-
level inverters may use the same impedance model for stability
analysis. However, in actual design, three-level inverters must
have neutral point control, otherwise they may operate under
imbalanced conditions.

2) The established impedance model can also be used to
properly evaluate the stability of a three-level NPC grid-
connected inverter system.

Finally, the findings of this study may provide a theoretical
reference for the parameter design and stability analysis of
three-level NPC grid-connected systems.
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