
Journal of Power Electronics, Vol. 16, No. 3, pp. 1163-1175, May 2016                       1163 

 
 http://dx.doi.org/10.6113/JPE.2016.16.3.1163 

ISSN(Print): 1598-2092 / ISSN(Online): 2093-4718 

 

JPE 16-3-33 

New Techniques for Impedance Characteristics 
Measurement of Islanded Microgrid based on 

Stability Analysis 
 

Lixiang Hou†, Fang Zhuo*, and Hongtao Shi* 
 

State Key Laboratory of Electrical Insulation and Power Equipment, Xi’an Jiaotong University, China 
 

 
Abstract 

 

In recent years, microgrids have been the focus of considerable attention in distributed energy distribution. Microgrids contain a 
large number of power electronic devices that can potentially cause negative impedance instability. Harmonic impedance is an 
important tool to analyze stability and power quality of microgrids. Harmonic impedance can also be used in harmonic source 
localization. Precise measurement of microgrid impedance and analysis of system stability with impedances are essential to increase 
stability. In this study, we introduce a new square wave current injection method for impedance measurement and stability analysis. 
First, three stability criteria based on impedance parameters are presented. Then, we present a new impedance measurement method 
for microgrids based on square wave current injection. By injecting an unbalanced line-to-line current between two lines of the AC 
system, the method determines all impedance information in the traditional synchronous reference frame d–q model. Finally, the 
microgrid impedances of each part and the overall microgrid are calculated to verify the measurement results. In the experiments, a 
simulation model of a three-phase AC microgrid is developed using PSCAD, and the AC system harmonic impedance measuring 
device is developed. 
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I. INTRODUCTION 

Microgrids are localized small-scale grids connected to the 
centralized macrogrids and can strengthen grid resilience and 
help mitigate grid disturbances. In recent years, microgrids 
have been the focus of considerable attention in distributed 
energy systems. Many studies have been dedicated to new 
applications of small-power-rate distributed power generators 
[1]-[6]. Compared with macrogrids, microgrids have smaller 
capacity but higher proportion of renewable energy, which is 
used by a large number of power electronic devices. Power 
electronic devices are prone to negative impedance instability 
given the constant-power nature of the individual components 
[7]-[13]. When designing and building power systems that 
contain many power electronic switching sources and loads, 

system integrators must consider frequency-dependent 
impedance characteristics to ensure system stability. Guerrero 
et al. [6] analyzed the selection of droop gains to ensure 
microgrid stability. Liu et al. [9] and Xiao et al. [10] indicated 
that a large droop gain will result in system instability using a 
small signal model. Pogaku et al. [2] indicated that instabilities 
can be avoided by modifying the power electronic control 
mode. However, these stability analysis methods need to model 
the system, which is difficult to use in practice. Other studies 
defined the admittance space criteria based on a DC interface 
that can be used to design system components. Middlebrook 
[13] analyzed system stability through impedance parameters, 
whereas Liu et al. [14], Sudhoff et al. [15], and Sun [16] further 
deduced the criterion to make it more accurate. A common 
problem of these methods is that a system phase–frequency 
curve is needed to use the stability criteria. However, obtaining 
an accurate phase–frequency curve in practical settings is 
difficult. This difficulty is due to harmonic current decay 
becoming a serious problem particularly in high frequency. 
Moreover, the amplitude of impedance is close to zero and the 
impedance phase is the ratio of real and imaginary parts. 
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Therefore, small disturbances in the impedance phase can have 
a significant effect on the phase–frequency curve. 

Many existing impedance measurement methods are based 
on measuring the voltage and current disturbances at the 
operating point. The impedance measurement methods can be 
classified into three categories: (1) utilizing the harmonic 
current from existing nonlinear loads; (2) introducing auxiliary 
switching elements, such as a shunt capacitor, reactor, or 
transformer; and (3) directly injecting harmonic currents with 
additional devices. Xiao et al. [17], Yang et al. [18], and 
Bridgeman et al. [19] theoretically analyzed the first method. 
The second method is introduced in the studies of Feng et al. 
[20] and Feng and Lee [21], in which the capacitor and 
sub-circuit are switched into a microgrid to measure system 
impedance, respectively. The disadvantages of these methods 
are that the injected harmonic current cannot be accurately 
controlled and does not cover all frequency ranges, which 
reduces measurement accuracy. Hou et al. [22], [23] and Shi et 
al. [24] introduced a method directly injecting harmonic 
currents with three-phase full-bridge circuits. The problem in 
the third method is that it requires injection of perturbation 
signals to the system one frequency at a time. Multiple tests 
must be repeatedly performed, which take a long online time to 
complete, to obtain the impedance characteristics over a wide 
frequency range. The operating point of the system may vary 
during the prolonged test procedure, which can lead to 
inconsistencies in the measured system impedance 
characteristics. The three methods need two different injection 
angles φinj for each injection frequency of interest, which 
means harmonic current must be injected twice at the same 
frequency. 

This paper is organized as follows: In Section 2, the 
theoretical impedance of microgrids is calculated. Section 3 
focuses on three stability criteria based on the impedance 
parameters. The proposed stability criterion only needs system 
amplitude–frequency curve, which is more convenient in 
practical applications. In Section 4, a new method for 
measuring microgrid harmonic impedance is introduced. By 
injecting an unbalanced line-to-line current between two lines 
of the AC system, all impedance information in the traditional 
synchronous reference frame d–q model can be determined. 
The proposed method requires only one injection and 
measurement process. This method can not only be applied to 
the AC system but can also be applied to the DC system. 
Finally, the experimental results show the effectiveness and 
advantages of the proposed method. 
 

II. THE HARMONIC IMPEDANCE CALCULATION 

For a known system, the output impedance of an inverter 
can be calculated by substituting the parameters into the 
model of output impedance. The theoretical value can be 
compared with the measurement value of impedance to 
validate the effectiveness of the proposed impedance  

 
Fig. 1. Equivalent circuit of the microgrid. 

 

 
 

Fig. 2. Structure of voltage source inverter. 

 
measurement method. The simplest microgrid structure is 
taken as an example (Fig. 1). 

In Fig. 1, S1, S2, and S3 represent three distributed power 
generators, which are connected to a microgrid through 
inverters; R1, L1, L2, R2, and R3, L3 imply common loads; 
and Rl1 and Ll1 indicate bus line impedances. System 
impedances are significantly affected by the inverters. 

A. Harmonic Impedance of Voltage Source Inverter 

The microgrid investigated in this study operates in 
islanding mode, and all the inverters are controlled by droop 
control strategy. All inverters are controlled to be voltage 
sources; active and reactive power of loads will be shared by 
all inverters by regulating the amplitude and frequency of the 
output voltage of inverters, respectively. In [25]-[27], virtual 
impedance is added to decouple the droop control for active 
and reactive power. Generally, the inverter control system has 
four control loops, namely, droop control loop, virtual 
impedance loop, voltage control loop, and current control 
loop (Fig. 2). 

As illustrated in Fig. 2, all control loops are established in 
synchronous d–q coordinate. Therefore, the small signal 
model of the inverter can be developed in the synchronous 
d–q coordinate (Fig. 3). 

Gv(s) and Gi(s) are transfer functions of the voltage 
controller and current controller, respectively. KPWM is the 
equivalent transfer function of the PWM link and H bridge,  
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Fig. 3. Control diagram of the voltage source inverter. 

 

TABLE I 
PARAMETERS OF THE SAMPLE INVERTER 

Parameter Value Parameter Value
Kvp 0.052 Kip 0.025
Kvi 20 Kii 100 
UDC 200 V Rf 1 Ω 
Lf 0.72 mH Rv 1 Ω 
Cf 30 µF Lv 10 mH

 

which is approximately equal to half of the DC voltage. In 
practical control systems of the inverter, this step is realized 

in the a–b–c coordinate. The transfer function of the PWM 

link and H bridge is converted to the synchronous d–q 
coordinate to obtain impedance in the synchronous d–q 

coordinate. LCdqZ  is the equivalent transfer function of the 

LC filter of the inverter in the synchronous d–q coordinate, 
which can be obtained in the following discussion. 

In the a–b–c coordinate, the voltage and current of the 

filter satisfy the following equations: 

La oa ca

f Lb ob cb

Lc oc cc

i u u
d

L i u u
dt

i u u

     
            
          

,          (1) 

( )
ca ca ca
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i u i
d

i C u R i
dt

i u i

     
             
          

,     (2) 
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i i i

i i i

i i i

     
           
         

,          (3) 

where Labci  is the inductive currents, gabci  is the 

grid-connected currents, cabcu  is the capacitive voltages, 

and oabcu  is the output voltages of the inverter. The 

equations are transferred to the frequency domain using 
Laplace transformation. Through proper simplification, 
constraint equations in the synchronous d–q coordinate can 
be obtained as follows: 
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From Fig. 3, the transfer function between the output 
voltage of the inverter and the reference voltage can be 
established as follows: 

(s) (s)

(s) (s)

(s) (s)

(s) (s)
od refd cd gd

oq refq cq gq

u U u iC B
A A

u U u iB C

        
                      

,  (5) 

where: 

(s) G (s)v i PWMA G K  
, 0 virB L A  

, 

G (s) (1 (s))i PWM vir vC K R G    
. 

By combining Eqs. (4) and (5), the impedance matrix 
model of the inverter in the synchronous d–q coordinate can 
be obtained as follows: 

(s) (s) 1
(s) (s)
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qd qq
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2T

H R A
R A

  
 , 

0( )f
f

T B L
L C sL

R A


  

 , 

0
0

( )f
f

T C L
Q L B

R A





  

 . 
To calculate the output impedance of the inverter, the 

parameters of a sample inverter are shown in Table I. 

B. Load Harmonic Impedance 

If the system load is Y-connected and is three-phase 
symmetrical, then the corresponding load impedance in each 
phase can be expressed as follows: 

Z R jX R j L    ,          (7) 

0a b ci i i   ,          (8) 

( ) ( )a b abi R jX i R jX u      ,      (9) 

( ) ( )b c bci R jX i R jX u      .      (10) 

From the results of Eqs. (8) to (10), the following 
expressions can be obtained: 

1
(2 )

3( )a a b ci u u u
R jX

  


,    (11) 

1
(2 )

3( )b b a ci u u u
R jX

  


,    (12) 
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1
(2 )

3( )c c b ai u u u
R jX

  


.    (13) 

By converting Eqs. (11) to (13) to matrix form, the 
following expressions can be obtained: 

2 1 1
1

1 2 1
3( )

1 1 2
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i v

i v
R jX
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    (14) 

and 

2 1 1
1

1 2 1
3( )

1 1 2
abcY

R jX
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The sequence admittance matrix can be expressed as 
follows: 

012

0 0 0
3

0 1 0

0 0 1

Y
R jX

 
   
  

.      (16) 

The sequence impedance matrix can be expressed as 
follows: 

012

0 0

( ) 0 1 0

0 0 1

Z R jX

 
    
  

.      (17) 

Thus, the sequence harmonic impedance matrix of load can 
be expressed as follows: 

012

0 0

( ) ( ) 0 1 0

0 0 1

Z h R jL h
 
    
  

.      (18) 

C. Microgrid System Impedance 

The previous sections introduced the harmonic impedance 
calculating method for each part of the microgrid. With this 
information, we can obtain the harmonic impedance for the 
entire microgrid. 

According to Fig. 1, each inverter is controlled as voltage 
source when the microgrid works in islanding mode. By 
defining 1( )SY h , 2 ( )SY h , and 3( )SY h  as output harmonic 

admittance of the three inverters, 1( )SY h  could be expressed 
in Eq. (19) through Eq. (6): 

3 2
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1
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. (19) 

In addition, assuming that two loads are Y-connected and 
are three-phase symmetrical, the harmonic impedances of 
load could be obtained as follows: 

1 2
1 1 1

1 1
( ) ( )

( )L L
L

Y h Y h
Z h R jL h

  


.     (20) 

From Eqs. (19) and (20), microgrid system impedance  

could be calculated. 
 

III. STABILITY CRITERIA OF THE MICROGRID 

For stability analysis, most studies focus on the 
impedance/admittance method, which involves examining the 
Nyquist contour of the product of the source impedance and 
load admittance in a DC system. In recent years, based on the 
impedance/admittance method, a variety of stability criteria 
and design approaches for DC and AC systems have been 
proposed. The common problem of these methods is their 
need for system phase–frequency curves. However, obtaining 
an accurate phase–frequency curve in practical application is 
difficult. This difficulty is due to harmonic current decay 
becoming a serious problem particularly in high frequency. 
Moreover, the amplitude is close to zero and the impedance 
phase angle parameter is the ratio of real and imaginary parts. 
Therefore, a small deviation can have a significant effect on 
the phase–frequency curve. Therefore, this study proposes 
three stability criteria that are based on the impedance 
parameters. The proposed stability criterion only needs the 
system amplitude–frequency curve, which is more feasible in 
practical applications. 

Microgrid stability could be assessed by source and load 
impedances. For the example system shown in Fig. 1, an AC 
boundary was selected in the AC bus, which defines the 
source and load. In the steady state, source impedances are 
related to voltages and currents, as follows: 

qqS qdSq qS

dqS qqSd dS

Z ZV I

Z ZV I

    
          

.      (21) 

In the load, admittance can be expressed in terms of 
voltages and currents, as follows: 

qqL qdLqL q

dqL qqLdL d

Y YI V

Y YI V

    
          

.      (22) 

If HX X X , then 

  1       ,      (23) 

where   is the largest singular value of S LZ Y and is 

frequency-dependent. If the induced norm of S LZ Y  is 

restricted to be less than unity at all frequencies and if 

s LA Z Y  is normal, then each singular value of A denoted 

by i  can be expressed as follows: 

   i i    .            (24) 

If the largest singular value is less than one, then 

   det 1i S L
i

Z Y          .  (25) 

The characteristic loci will lie within the unit circle. 
Furthermore, by Cauchy’s inequality, 
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1/ 2S L M
Z Y  .             (26) 

If 1s LZ Y  , then the characteristic loci will not 

encircle (−1, j0). The system meets the following formula, 

which can maintain stability: 

   , , 1S LZ Y     .          (27) 

Another stability criterion for the AC system could be 

derived from the entries of matrix S LZ Y . In the derivation 

process, Gershgorin’s theorem is mainly used. According to 
Gershgorin’s theorem, if a complex matrix Z is m × m, then 
the eigenvalues range of the matrix inner circle, in which Zij 
is the center and Ri is the radius. 

1,

, 1, ...
n

i ij
j j i

R Z i m
 

            (28) 

If the largest entry of S LZ Y  in magnitude is less than half 

at all frequencies, then the eigenvalues of S LZ Y  will be 

within the unit circle. A new norm M  could be defined as 

follows: 

 11 12 21 22, , ,S L M
Z Y MAX A A A A .  (29) 

If the system satisfies 1/ 2S L M
Z Y   within all 

frequencies, then the characteristic loci will not encircle the 
critical point (−1, j0) and the system remains stable. 

Given that the previous condition is in a coupled form, 

how changes in the individual entries of SZ  or LY would 

affect system stability is unclear. SZ  and LY  are also 

measured. After deriving the matrix algebra, decoupling this 

norm into a condition based on the individual norms of SZ  

and LY  is possible. 

1 1 2 2

1 1 2 2
S L
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Z Y

c d c d

  
   
  

          (30) 

Then, a sufficient and necessary condition for maintaining 
stability can be expressed as follows: 

1 2 1 2  1/ 2a a b c ﹤ ,        (31) 

1 2 1 2  1/ 2c a d c ﹤ ,        (32) 

1 2 1 2  1/ 2a b b d ﹤ ,        (33) 

1 2 1 2  1/ 2c b d d ﹤ .        (34) 

Using Cauchy’s inequality, the following expressions can 
be obtained: 
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1 2 1 2  1/ 2a b b d ﹤ ,      (37) 

1 2 1 2 1/ 2c b d d ﹤ .        (38) 

The system will be stable if the previous condition is true. 
This characteristic is more conservative than the 
characteristic loci criterion. Other norms can also be 
considered. For example, the infinity norm can be defined as 
follows: 

maxS ijX
j

Z i Z
 

  
 
 .        (39) 

The infinity norm denotes the maximum magnitude row 

sum of SZ  over all possible frequencies. 

maxL ijy
i

Y j Z
    
         (40) 

Expression (40) denotes the maximum magnitude column 

sum of LY  over all possible frequencies. According to 

Gershgorin’s theorem, each entry consists of a row–column 
inner production. Then, 

Z 1/ 2S LX y
Y  .            (41) 

The system will be stable if the previous condition is 
satisfied. 

1 1 2 2

1 1 2 2
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 i S LZ Y               (43) 

The eigenvalues of Zs can be expressed as follows: 
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1 1
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0
a b
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2
1 1 1 1 1 1(a ) 0d a d b c      ,       (46) 

if: 

1 21 1   1 2 2   .       (47) 

According to the relationship between roots and 
coefficients, 

1 1 2a d  .               (48) 

Using Cauchy’s inequality, the following expressions can 
be obtained: 

1 1a 2d  ,               (49) 

1a 1 1 1d  ,              (50) 

if: 

1 1c  1 1d  .              (51) 

The following expressions hold true: 

1 1 1 1 1a d b c  ,           (52) 
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1 1  2 1  .              (53) 

The eigenvalues of YL can be derived similarly. 

1S LM M
Z Y ﹤                (54) 

The system will be stable if the previous condition is 
satisfied. 

According to the criteria, the system will be stable if 

   , , 1S LZ Y     , 1S LM M
Z Y ﹤ , or Z 1 / 2S LX y

Y  . 

The derived stability criteria are based on system 
amplitude–frequency impedance parameters, rather than 
phase–frequency impedance parameters. Therefore, only the 
amplitude–frequency curve needs to be measured. The three 
stability criteria are necessary conditions for system stability, 
but are insufficient and unnecessary conditions. The most 
conservative criterion is the M-norm criterion, whereas the 
least conservative criterion is the singular criterion. Notably, 
the system may still be stable even if these criteria are not 
met. However, if one of these criteria is met, the system will 
definitely be stable. 
 

IV. THE MEASUREMENT METHOD OF HARMONIC 
IMPEDANCE 

Through the previously presented analysis, the stability of 
the system can be easily determined by the impedance 
parameters of each part of the microgrid. Therefore, 
microgrid impedance parameter measurement has become a 
key issue. The basic principle of microgrid impedance 
measurement is to inject harmonic current with certain 
magnitude and frequency, such that voltage at the measuring 
point would be distorted accordingly. In this condition, 
harmonic impedance could be calculated through the 
distorted voltage and the injected harmonic current. 

Before injecting the harmonic current, the voltage of 

measuring point A is defined as 0u  and the current is 

defined as 0i . After injection ih, the voltage of point A turns 

to 1u . Harmonic voltage caused by harmonic current is 

1 0hu u u  . Then, harmonic impedance could be 

calculated as follows: 
( )

( )
( )

h
h

h

U jw
Z jw

I jw
 .               (55) 

The switching capacitor method and the 
thyristor-controlled sub-circuit switching method have 
common disadvantages, that is, the injected harmonic current 
could not be accurately controlled and could not cover all 
frequency ranges, which reduced measurement accuracy. The 
harmonic current injection method can overcome these 
shortcomings. The structure is shown in Fig. 4. 

In Fig. 4, the circuit is a standard two-phase bridge 
converter. When this circuit is applied to current injection, a 
current-regulated PWM method, such as hysteresis 
modulation or delta modulation, can be used to ensure  

 
 

Fig. 4. Harmonic current injection method. 

 
appropriate currents. Switching frequency varies with the 
frequency of the square wave current. Given that we injected 
the square wave current, switching frequency is low. The 
proposed method does not require high switching frequency 
of the switching device. This device can also use the sweep 
method to measure the impedance parameters. If the 
measured impedance parameters are obtained by the sweep 
method, the switching frequency needs to be a multiple of the 
injected frequency to obtain a good resolution. 

This harmonic injection device has only two phases, which 
can be applied to the AC and DC systems. The proposed 
methods increase the measurement speed by injecting a 
two-phase square wave current to the system. Compared with 
the sweep method, the square wave contains a large number 
of harmonics, which can significantly reduce measurement 
time. System impedance parameters could change with the 
operating point of the system. Reducing measurement time 
will increase measurement accuracy. If measurement time is 
long, then the measurement system impedance parameters 
may vary with the operating point and produce errors. 

Using the proposed method to measure impedance of the 
AC system, an asymmetric square current disturbance is 
injected into the system only once. Then, the impedance 
matrices of the system in all interested frequency ranges can 
be obtained. Measurement time is only several seconds. The 
flowchart of measurement is shown in Fig. 5. 

The detailed process is as follows: First, an asymmetric 
square current is injected into the system between two 
arbitrary phases; for example, lines a and b. Notably, current 
perturbations in lines a and b will have the same amplitude 
and opposite phase, which can be expressed as follows: 

0

( )

( )

ha

hb m

hc m

i

i I i t

i I i t



 

,            (56) 

where i(t) is the expression of the square current. Current 
perturbations and the resulting voltage perturbations at a 
specific interface of the system can be captured by current 
sensors, voltage sensors, and a data acquisition card. These  
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Fig. 5. Flowchart of the proposed method. 

 
perturbations can be decomposed into harmonic components 
by FFT analysis; taking the current perturbations as an 
example, they can be expressed as follows: 

0
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These perturbations are a series of asymmetric harmonic 
currents, which can be transferred to positive, negative, and 
zero sequence components (in this case, the zero sequence 
component is zero). The positive and negative sequence 
components can be expressed in Eqs. (58) and (59), 
respectively, as follows: 
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.    (59) 

The positive and negative sequence currents are symmetric. 
After d–q transformation (assuming that the transfer angular 

frequency is the fundamental frequency 0 ), the 

expressions of harmonic currents and harmonic voltages can 
be obtained. Taking the negative sequence component of the 
k-order harmonic current and positive sequence component of 
k + 2-order component as examples, in the synchronous d–q 
coordinate, they are represented by idq1 and idq2, respectively. 
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idq1 and idq2 are linearly independent variables, which can 
be used to calculate the impedance matrix at frequency (k + 

1) 0  using Eq. (62) and combining the resulting voltages. 

Similarly, other impedance matrices at other frequencies can 
also be calculated by the same process simultaneously. 

1

1 2 1 2

1 2 1 2

(s) Z (s) (s) U (s) (s) I (s)
.

(s) U (s) (s) I (s)(s) Z (s)

dd dq d d d d

q q q qqd qq

z U I

U Iz


     

     
      

 (62) 

As discussed previously, the proposed method only needs 
to inject current disturbance once. Then, all impedance 
matrices in the interested frequency ranges can be resolved. 
Obtaining a square current disturbance is easy, and real-time 
measurement performance can be improved. 

 

V. EXPERIMENTAL RESULTS 

A simulation model of a microgrid operating in islanding  
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Fig. 6. Simulation model. 
 

 
(a) Harmonic current injection device. 

 

 
 

(b) Microgrid experimental platform. 
 

Fig. 7. Experimental platform. 
 
mode is developed using PSCAD (Fig. 6), which contains 
three inverters and three loads. The inverters are controlled as 
voltage sources, and the droop control is used to share power 
to the loads. The simulation parameters should be consistent 
with the experimental platform to verify the accuracy of the 
measurement results. 

The harmonic current injection device, as shown in Fig. 
7(a), contains a computer, injection module, current and 
voltage sensors, and a DSP control system. Three-phase 
voltages and two-phase currents on the source and load sides 
are captured to obtain the impedance parameters. Then, these 
data are transformed to the synchronous reference frame 
before source impedance and load admittance can be 
extracted. Fig. 7(b) shows a laboratory microgrid 
experimental platform, which contains microgrid control 
cabinets, inverters, and load. The microgrid control cabinets 
are used to control microgrid connection and cut off the  

TABLE II 
PARAMETERS OF THE INVERTER 

Parameter Value Parameter Value

Kvp 0.071 Kip 0.045
Kvi 25 Kii 120 

UDC 200 V Rf 1 Ω 
Lf 0.62 mH Rv 2.5 Ω
Cf 35 µF Lv 15 mH

 

TABLE III 
PARAMETERS OF THE INDUCTION MACHINE 

rs1 = 3.53 Ω P1 = 4 r′r1 = 3.34 Ω 

L′lr1 = 4.53 mH LM1 = 36.34 mH Lls1 = 7.01 mH 

rs2 = 4.38 Ω P2 = 2 r′r2 = 4.63 Ω 

L′lr2 = 4.56 mH LM2 = 138.34 mH Lls2 = 12.5 mH 
 

 
Fig. 8. Time domain test results. 

 
power grid. In this study, the microgrid operates in islanding 
mode. Droop control is used to share power to the loads. 
Three parallel inverters are used in this experimental platform. 
The parameters for inverters 1 and 2 are the same, as shown 
in Table I. The parameters for inverter 3 are different, as 
shown in Table II. The inverters are used to connect sources 
to the microgrid. The loads are two different induction motors 
and a resistive load. The parameters are listed in Table III. 

Fig. 8 shows the time domain test results, with three waves. 
Waveform 1 represents the bus voltage after square wave 
current injection. Waveform 2 represents the bus voltage 
before square wave current injection. Waveform 3 is the 
square wave current. Waveform 4 represents the bus current 
after square wave current injection. 

One practical issue is the attenuation of the injected 
harmonic current. Theoretically, the square wave current 
contains rich orders of harmonics. By injecting a 
low-frequency current, all impedance parameters can be 
obtained. However, in high-frequency current, the harmonic 
current will become small, which leads to inaccurate 
measurement results. Thus, the frequency of the square wave 
current is different. If the low-frequency impedance 
parameters of the system need to be measured, then a 
low-frequency square wave current must be injected into the  
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Fig. 9. Comparison of the source impedance results of the AC system. 
 
system. If the high-frequency impedance parameters of the 
system need to be measured, then a high-frequency square 
wave current must be injected into the system. 
Low-frequency harmonic currents have greater effect on the 
system than high-frequency harmonic currents. Therefore, 
this study provides the current and voltage waveforms of the 
system after injecting the square wave current at low 
frequency. As shown in the waveform, significant differences 
are observed in the bus current before and after injection. 
However, the change of the bus voltage is not obvious. 
Therefore, harmonic current injection does not have a 
significant effect on system operations. In addition to 
injection frequency, the amplitude of the harmonic currents 
also affects system operations. Harmonic currents with a 
large magnitude have a more significant effect on system 
operations, although they facilitate impedance measurements. 
In Fig. 9, source impedances obtained from experiments, 
simulations, and calculations (predicted result) are compared. 

Fig. 9 shows the discrepancies among the measured, 
calculated, and simulation curves in certain frequencies. The 
reason is that the system itself contains a number of harmonic 
currents in these frequencies. Overall, the measured 
amplitude–frequency and phase–frequency curves are 

consistent with the calculated and simulation curves. 
Fig. 10 shows the load admittance contrast figures of the 

experimental, simulation, and calculated results (predicted 
results). 

Fig. 10 shows that the measured amplitude–frequency 
curves are quite close to the calculated and simulation curves 
at the low-frequency part. However, obvious deviation 
appears at the high-frequency part of the phase–frequency 
curves. That is, measurement accuracy is significantly 
affected because the magnitude of high-frequency 
components in the square wave current would decrease to 
almost zero. 

Overall, the measured amplitude–frequency and 
phase–frequency curves are consistent with the calculated 
and simulation curves. The contrasting results indicate that 
the harmonic current injection method is suitable for 
measuring the harmonic impedance of the microgrid. 

This harmonic injection device has only two phases, which 
can also be applied to DC systems. The proposed methods 
increase measurement speed by injecting a two-phase square 
wave current to the system. A laboratory prototype of the 
system shown in Fig. 11 was assembled to validate the 
proposed method in DC systems. The system consists of a  



1172                          Journal of Power Electronics, Vol. 16, No. 3, May 2016 

 

0 5 10 15 20 25 30 35 40 45 50
0

0.01

0.02

0.03

0.04
Ydd:magnitude-frequency curve

frequency(Hz)

(s
ie

m
e
n
s)

 

 

0 5 10 15 20 25 30 35 40 45 50
-200

-150

-100

-50

0

frequency(Hz)

(d
eg

)

 

 

 102

 102

predicted result
simulation result
experiment result

0 5 10 15 20 25 30 35 40 45 50

0.02

0.04

0.06

0.08

0.1
Ydq:magnitude-frequency curve

frequency(Hz)

(s
ie

m
e
n
s)

 

 

0 5 10 15 20 25 30 35 40 45 50
-60

-40

-20

0

20

40

60

frequency(Hz)

(d
e
g)

 

 

 102

 102

predicted result
simulation result
experiment result

 

0 5 10 15 20 25 30 35 40 45 50

0.02

0.04

0.06

0.08

0.1
Yqd:magnitude-frequency curve

frequency(Hz)

(s
ie

m
e
ns

)

 

 

0 5 10 15 20 25 30 35 40 45 50
0

50

100

150

200

frequency(Hz)

(d
e
g
)

 

 

 102

 102

predicted result
simulation result
experiment result

 

0 5 10 15 20 25 30 35 40 45 50

0.02

0.04

0.06

0.08

0.1
Yqq:magnitude-frequency curve

frequency(Hz)

(s
ie

m
e
n
s)

 

 

0 5 10 15 20 25 30 35 40 45 50
-200

-150

-100

-50

0

frequency(Hz)

(d
e
g
)

 

 

 102

 102

predicted result
simulation result
experiment result

 

Fig. 10. Comparison of the load admittance results of the AC system. 

 
Fig. 11. Example system for DC impedance measurement demonstration. 

 
back-to-back rectifier/inverter feeding an induction motor 
load. PWM filters are added between the AC source and 
rectifier and between the inverter and motor load. The AC 
source has an inductance of L1 = 0.36 mH and a 
line-to-neutral terminal voltage of 120 V. Both PWM filters 
have parameters of R1 = R2 = 9.12 Ω, L2 = L3 = 1.1 mH, and 
C1 = C2 = 6.95 µF. The DC-link capacitance is CDC = 5,000 
µF. 

For DC impedance measurement, square wave currents are 
injected at the output of the rectifier (before the DC-link 
capacitor). Source impedance and load admittance at the DC 
system are shown in Fig. 12. 

The switching capacitor method, sweep method, and 

proposed method are used to test the impedance parameters 
of the same DC system to verify the superiority of the 
proposed method. Impedance parameters in Fig. 12 represent 
ZS and YL, as shown in Fig. 11. Based on Fig. 12, the square 
wave current method curves are quite close to the sweep 
method curves in most frequencies. In the high-frequency 
section, certain deviations are observed between the results of 
the two methods. This finding is due to harmonic current 
attenuation in the high frequency. Overall, only a slight 
difference is observed in the accuracy of the two methods. 
The credible range of measurement can meet practical 
application needs, which could verify the effectiveness of the 
proposed method. The switching capacitor method curves  
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Fig. 12. The results of the three measurement methods in the DC 
system. 

 
exhibit obvious deviation with the sweep method curves. The 
reason is that the harmonic currents injected by the switching 
capacitor method have been missing at certain frequencies, 
not only at high frequencies but also at low frequencies. The 
accuracy of the measurement results could be seriously 
affected. Compared with the parameters of the 
high-frequency section, the parameters of the low-frequency 
section are more extensively used and more significant. 

The measurement time and accuracy of these three 
methods are compared in Table IV to compare the advantages 
and disadvantages of several methods more clearly. The 
calculated impedance parameters are used as a standard value 
and compared with the impedance parameters obtained by 
other methods. Measurement accuracy is calculated as 
follows: 

 

│measurement value − standard value│⁄│standard 
value│‰. 
 

The proposed new approach performs better in terms of 
accuracy than the switching capacitor method. Compared 
with the sweep method, the proposed approach significantly  

TABLE IV 
THE MEASUREMENT TIME AND ACCURACY OF THREE METHODS 

 
Sweep 
method 

Square 
wave 

current 
method 

Switching 
capacitor 
method 

Measurement 
time 

20 min 2 min 0.5 min 

Measurement 
accuracy 

91% 89% 65% 

 

reduces measuring time while still preserving high 
measurement accuracy. In this study, the operating state of 
the system does not change. However, a long measurement 
time will affect measurement accuracy when the operating 
state of the system changes. Therefore, in a system with 
frequently changing working state, the measurement accuracy 
of the sweep method is lower than that of the proposed 
method. Compared with the sweep method, the proposed 
method also has advantages in switching frequency. The 
proposed approach significantly reduces switching frequency 
because of square wave current injection. The switching 
frequency of the sweep method is 50–200 times more than 
that of the proposed method. A low switching frequency will 
reduce the requirements for devices, which also means that 
our proposed method is suitable for high voltages. Overall, 
this new approach includes the advantages of the traditional 
method. 

Fig. 13 shows the dynamic response test results where the 
load is stepped from light load to heavy load in the microgrid 
to verify the stability criterion derived in Section III. In a 
stable system, as shown in Fig. 13(a), the bus voltage of the 
system appears to fluctuate during the load step, but quickly 
restores stability. In an unstable system, as shown in Fig. 
13(b), the bus voltage fluctuates during the load step and the 
system cannot restore stability. The Nyquist criterion and 
derived criterion experiment are also compared when the 
system is stable and unstable (Fig. 14). Impedances were 
computed using the measurement results in the AC bus 
microgrid. According to the criteria, the system will be stable 

if    , , 1S LZ Y      (Criterion 1) or 1S LM M
Z Y ﹤  

(Criterion 2) or Z 1 / 2S LX y
Y   (Criterion 3). The most 

conservative criterion is the Z 1 / 2S LX y
Y   criterion, 

whereas the least conservative criterion is 

   , , 1S LZ Y      criterion. If these criteria are not 

satisfied, then the system may still be stable and the complete 
generalized Nyquist plot can be used to predict stability. 
However, if one of these criteria is met, then the system is 
stable. Therefore, these AC criteria could be used in most 
applications where a robust stability margin is required. In 
Fig. 14(a), the Nyquist curve is obtained from the dynamic 
response stable system. The figure also shows that the curve 
does not surround the (−1, 0) point. The curves in Fig. 14(c)  
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(a) Dynamic response stable case. 
 

 
(b) Dynamic response unstable case. 

Fig. 13. Dynamic response test results. 
 

  
(a) Nyquist plot (stable case).  (b) Nyquist plot (unstable case). 
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(c) Criteria (stable case).      (d) Criteria (unstable case). 

Fig. 14. Stability criteria and Nyquist plots. 
 

obtained from the dynamic response stable system show that 
only Criterion 2 predicts system instability. This criterion is 
the most restrictive criterion. Therefore, the criteria predicted 
that the system is stable. In Fig. 14(b), the Nyquist curve is 
obtained from the dynamic response unstable system. The 
figure shows that the curve surround the (−1, 0) point and the 
system is unstable. Criteria 1, 2, and 3 are indications of 
system instability, as shown in Fig. 14(d); the curves are 
obtained from the dynamic response unstable system. In this 
case, all criteria predict instability. The results match the 
Nyquist curve results. 
 

VI. CONCLUSIONS 

This study proposes a novel technique for measuring 

microgrid impedance. By injecting an unbalanced line-to-line 
square wave current between two lines of the AC system, all 
impedance information can be determined simultaneously. 
Compared with the sweeping method, the proposed approach 
significantly reduces measuring time while still maintaining 
high measurement accuracy. Experiments showed that the 
actual measurement results are accurate and are consistent 
with those from theoretical calculation and simulation. The 
impedance criteria are further deduced for easy use. The 
proposed stability criteria only need to calculate the system 
amplitude–frequency curves, not the phase–frequency curves. 
The accuracy of the phase–frequency curves is not 
guaranteed because of the decreased amplitude of the injected 
square wave currents at high frequency. 

With the measured data, the Nyquist criterion and the 
proposed criterion are compared when the system is stable 
and unstable. The results show that system stability has a 
significant relationship with the impedance parameters. Thus, 
the effectiveness of the proposed method is well verified. 
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