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Abstract— Immittance based methods are often used in the 

stability analysis of power electronics based systems.  Because it 
is difficult and/or time consuming to develop average value 
models of some components, it is often desirable to extract 
immittance data from detailed simulations (simulations in which 
the switching of the power semiconductors is represented).  
Traditionally, this is accomplished by introducing a 
perturbation, extracting the fundamental component of the 
voltage and current waveforms at the perturbation frequency, 
from which the impedance at that frequency may be extracted 
using transform techniques.  In this work, an alternate approach 
is suggested, which offers both reduced computational effort as 
well as increased accuracy. 
 

Index Terms—Impedance, Impedance measurement, 
Simulation, Power electronics. 
 

I. INTRODUCTION 
MMITTANCE (impedance or admittance) information of 
power electronics components is sought for many reasons.  

One of the main reasons is to evaluate the stability of 
component interconnections.  The use of small signal 
component immittances to analyze system stability is common 
[1]–[9].  The method utilized in [1] and [2] involves the 
concept of “generalized immittance,” which is the 
encapsulated set of all immittances that the component can 
exhibit over a range of operating points.  This approach to 
stability analysis is dependent upon the ability to calculate 
immittances accurately and efficiently. 
 Generalized immittances may be found by several methods.  
First, immittances can be measured experimentally.  This 
involves introducing a perturbation at a particular frequency 
into the system, measuring the components of the voltage and 
current at that frequency, and calculating the magnitude and 
phase of the impedance or admittance from this data.  While a 
variety of equipment is available to automate this procedure, it 
requires a significant amount of time and effort.   
 It is often desirable to calculate component immittances 
during the design stage.  To this end, either a nonlinear 
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average value model (NLAM) [1], [10] or a detailed model 
(i.e. a model in which the switching of the power 
semiconductor is represented) may be used.  In the case of the 
nonlinear average value model, immittances are readily 
calculated by linearization of the model, whereupon the 
frequency response may be calculated using standard 
techniques.  Unfortunately, there are times when it is difficult 
to derive a suitable nonlinear average value model.  In this 
case, a detailed simulation can be used to determine 
component immittances.  
 The use of a detailed simulation to calculate immittances is 
considered herein.  At first, this may seem to be a 
straightforward problem.  At a given frequency and operating 
point, a perturbation can be injected whereupon the 
appropriate voltage and current components can be extracted 
and used to find the immittance at that frequency and 
operating point. 
 Since the time domain simulations employed can require 
significant computation time (especially since dozens of 
operating points may be required), it is desirable to introduce 
a set of perturbations during each simulation, and then use 
transform techniques to extract the desired components. 
 A new procedure for decomposing a signal into its 
frequency components is considered herein.  This method is 
computationally efficient and capable of accurately 
reproducing time domain waveforms.  This method also 
allows (and requires) harmonics that naturally occur in the 
system to be represented.   

Other methods of signal decomposition are the discrete 
Fourier transform (DFT), used in [11], and Welch’s averaged 
periodogram method [12], used in [13] (Welch’s averaged 
periodogram method is implemented in the Matlab function 
‘tfe’ [14]).  For best results using the DFT to find the 
impedance at a particular frequency, the time domain data 
should be truncated to an integer number of cycles of that 
frequency.  Thus, impedance data can only be extracted one 
frequency at a time.  Beating effects between the desired 
perturbation frequency and low frequency harmonics can 
prove troublesome. 

Welch’s averaged periodogram method allows impedances 
at all perturbation frequencies to be calculated simultaneously, 
but it does not calculate immittance data precisely at the 
perturbation frequencies.  Instead, data at frequencies near the 
perturbation frequencies must be accepted.   This can prove 
troublesome when conducting generalized immittance analysis 
wherein the immittance at prescribed frequencies is desired. 
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A three-way comparison among the DFT, Welch’s 
averaged periodogram method and the proposed method 
demonstrates that all three methods can yield acceptable 
results.  The proposed approach, however, allows the user to 
specify precisely the frequencies for which immittances are 
calculated and simultaneously calculate the immittances of all 
frequencies of interest.  

II. GENERAL APPROACH 
 The source-load system shown in Fig. 1 will be used for a 
basis of discussion for the proposed techniques.  Therein, the 
voltages across the source and load are denoted sv  and lv , 
respectively.  The current from the source to load is labeled 

sli .  Finally, the perturbation source is an ideal voltage source 

whose instantaneous voltage is denoted pv .  

 The basic goal is to perform a detailed simulation study 
which will provide enough information to extract the small-
signal immittances at a desired set of frequencies.  In a 
physical system, the perturbation source will often be at a 
single frequency in order to achieve the highest possible 
signal-to-noise ratio.  However, when using detailed computer 
simulations (which are much less noisy than physical systems, 
even when switching is represented) it is possible to 
simultaneously inject all frequencies of interest at one time, so 
that only one study is needed to obtain the entire frequency 
response.    To this end, the perturbation voltage will be of the 
form 

 ( )∑
=

=
N

n
ipipp vv

1
,, cos θ , (1) 

where 
 ipipip t ,,, φωθ += . (2) 

The set of  ip,ω  defines the frequencies at which immitances 

are sought. These frequencies will often be logarithmically 
distributed over some range.  The selection of the perturbation 
amplitudes clearly requires a degree of engineering judgment; 
this will be addressed in the case study in Section VII. 
 One of the principal advantages of the proposed technique 
is that the perturbation energy can be arbitrarily distributed, 
and that the extraction process can focus on and take 
advantage of prior knowledge of the perturbation and 
switching ripple frequencies.  Using transform techniques, the 
reconstruction frequencies are set by the sampling time. 

III. WAVEFORM REPRESENTATION 
 In order to set forth the proposed method of impedance 
extraction, it is convenient to first set forth some definitions 
related to waveform representation.  The first of these is an 

angle vector ( )tθ  that consist of N  angular components 
organized in a row vector as 
 [ ])()()()( 21 tttt Nθθθ=θ . (3) 
Often, the individual components will be of the form 
 nnn tt 0)( θωθ += , (4) 
where [ ]Nn 1∈ , and where nω  and n0θ represent the 
angular radian frequency and initial value of the n ’th 
component.  Note that (4) is a typical form; not a defining 
form. 
 Herein, it will be attempted to approximate a signal )(tf  in 
the form 
 scdcapr ttftf fθSfθC ))(())(()( ++= , (5) 

where dcf represents and average value, cf  and sf  are 

constant coefficient vectors in Nℜ , and C and S  are matrix 
valued function in general (but are vector valued functions in 
(5)) whose elements are given by 
 )cos()( ,, jiji ααC =  (6) 

and 
 ( )jiji ,, sin)( ααS = , (7) 
where α  is a dummy matrix variable and i  and j  are 
arbitrary indices.  Physically, f (and coefficients dcf , cf , 
and sf ) could represent voltages, currents, or any other signal 
of interest. 
 The representation (5) is quite flexible.  In some ways, it is 
reminiscent of a truncated Fourier series.  However, whereas a 
truncated Fourier series is restricted to representing periodic 
function, the representation of (5) is not.  This is because the 
frequencies of the angle vectors need not be related in a 
rational way.  Clearly, not every signal can be represented in 
the form of (5); however, this form will be shown to be 
adequate for the application at hand. 

IV.  WAVEFORM ESTIMATION – PART I 
 In this section, it is supposed that a signal )(tf  is given and 
that is desired to calculate parameters dcf , cf , and sf .  To 
do this, the waveform )(tf  will be sampled at M  times, 
where 
 12 +≥ NM . (8) 
The time of the m ’th sample is denoted mt .  Thus,  
 )()( maprm tftf = . (9) 
From (5), at time mt  

 ( ) ( )( ) ( )( )[ ]
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 Using (10) to formulate an expression for the m ’th row.  
Equation (5) is of the form 
 bAx = , (11) 
where  
 ( )[ ])(1 ΘSΘC1A ×= M , (12) 

 ( ) ( ) ( )[ ]TMtftftf 21=b , (13) 

 
 

Fig. 1.  Source Load System. 
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and 

 [ ]TT
s

T
cdcf ffx = . (14) 

In (12), 
 )(, mnnm tθ=Θ . (15) 
The least squares fit solution to (11) is given by 

 ( ) bAAAx TT 1−
= . (16) 

V. WAVEFORM ESTIMATION – PART II 
 In many cases, it will be found that (5) cannot be used to 
accurately represent the waveform, because of the presence of 
high-frequency switching ripple.  In this case, it is appropriate 
to represent not the instantaneous waveform, but rather its 
filtered value.  To this end, the filtered waveform will be 
given in the time domain by 

 ∫
∞−

−=
t

dthxtx λλλ )()()( , (17) 

where ( )th  is the impulse response of the filter (which is 
typically either low pass or bandpass).  As ∞→t , the filtered 
approximation the waveform is given by 
 ( ) scdcdcapr ttfHtf fθSfθC ))(())(( ++=  (18) 

where dcH is the dc gain of the filter and where  

 ∫
∞−

−=
t

lpfij dtht λλλα )( ))(cos()( ijC  (19) 

and 

 ∫
∞−

−=
t

lpfij dtht λλλα )( ))(sin()( ijS . (20) 

It should be noted that while (19) – (20) provide a definition, 
C  and S  can be readily calculated analytically using phasor 
analysis.  Setting the filtered waveform equal to the filtered 
approximation to the waveform at M sample times yields a 
linear system of equations of the form (11), where 
 ( ) ( )[ ]ΘSΘC1A dcM H1×= , (21) 

 [ ]TT
s

T
cdcdcHf ffx = , (22) 

and 

 ( ) ( ) ( )[ ]TMsmsmsm tftftf 21=b , (23) 
which is readily solved for the coefficients using (16).  If dcH  
is zero (i.e. a bandpass rather than a lowpass filter is used), 
then A  and x become 
 ( )[ ])(ΘSΘCA =  (24) 
and 

 [ ]TT
s

T
c ffx = . (25) 

VI. IMMITTANCE MEASUREMENT 
 The procedure whereby this method of signal extraction can 
be used to calculate immittance characteristics is now set 
forth.  To this end, it is appropriate to partition the angle 
vector θ as 
 

 [ ]pr θθθ =   (26) 

where rθ  is a vector of angular positions whose 
corresponding frequencies are the power electronics ripple 
frequencies that are within the band pass of the filter.  The 
vector pθ is the vector of angular positions corresponding to 

perturbation frequencies (see (1)).  It is convenient to partition 
cf  and sf the same way, i.e., 

 [ ]T
cp

T
cr

T
c fff =  (27) 

and 
 [ ]T

sp
T
sr

T
s fff = . (28) 

 Next, each variable of interest is decomposed using the 
procedure of Section IV.   The phasor representation of the 
signal at the i ’th perturbation frequency is given by 
 ispicpi jfff ,,

~
−= , (29) 

where icpf ,  and ispf ,  are the i ’th components of cpf and 

spf respectively, and where 1−=j .   If an impedance is 

sought, then the impedance at the i ’th frequency may be 
readily expressed 

 
i

i
i i

vz ~
~

= . (30) 

VII. CASE STUDY: INVERTER MODULE 
 The proposed approach is now applied to an inverter 
module used to supply an ac bus from a dc source.  The 
inverter module consists of an input capacitor, a fully 
controlled bridge converter, an LC filter, and control 
algorithms.  This section contains a description of the inverter 
module and a comparison of the admittance calculated with 
the proposed approach, the admittance calculated using the 
DFT and Welch’s averaged periodogram methods, and the 
admittance measured experimentally.   

A. Inverter Module Description 
 The entire inverter module is depicted in Fig. 2, and the LC 
filter is depicted in Fig. 3.  Note that parasitic resistances the 
inductors and capacitors are modeled.  Parameter values for 
the physical components are listed in Table I, which can be 
found in the Appendix.  Note that in the diagram in Fig. 2, 
measured quantities are differentiated from actual physical 
quantities.  For instance, the actual a-phase current into the LC 
filter is aLi , whereas the measurement of this quantity is 
denoted as aLi .  The same notation is used for the output 
currents, aOi  and bOi , and the output line to line voltages, 

abOv  and cbOv .   
The inverter module is controlled so that it appears as a 

voltage source.  The control is broken into three stages.  The 
first stage, depicted in Fig. 4, generates the commanded values 
for the currents out of the bridge so that the desired output 
voltages are obtained.  The first step in this control is to 
transform the measured output line to line voltage, abOv  and 
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cbOv , into a reference frame that varies with eθ , the desired 
angular position of the inverter output waveforms.   

More specifically, this transformation is 

 
( ) ( )
( ) ( ) ⎥
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(31) 
Note that this transformation assumes that the load is wye 
connected.  The measured currents are also transformed to the 
synchronous reference frame using 
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(32) 
A decoupling feedback is implemented using the speed of the 
inverter reference frame, eω , and the estimated wye-
equivalent filter capacitance, esteqC , .  A proportional plus 
integral controller acts on the difference between the 
commanded q- and d-axis voltages, *e

qOv  and *e
dOv , and the 

measured q- and d-axis voltages to generate signals that either 
increase or decrease the commanded q- and d-axis current 
commands.  The q- and d-axis current commands, *e

qLi  and 
*e

dLi , are then passed through a current limiter to prevent 
excessive current levels.  This control was first set forth in 
[15].    
 The second stage of the control is the synchronous current 
regulator [16].  A diagram of this control is depicted in Fig. 5.  
Note that in this figure, the following vector notation is used: 

 [ ]Te
dL

e
qL

e
qdL ii *** =i  (33) 

and 

 [ ]TcLbLaLabcL iii **** =i . (34) 
This control guarantees that the desired fundamental 
component of the current waveform is achieved if sufficient 
voltage is available.  The synchronous current regulator is 
essentially a proportional plus integral control acting on the 
difference between the q- and d- axis commanded and actual 
currents in the LC filter inductors.  Note that the same 
reference frame transformation used in (32) is used to 
transform the measured inductor currents to the synchronous 
reference frame.  The modified q- and d-axis current 
commands, **e

qdLi  and **e
dLi , are converted to a-, b-, and c-phase 

current commands using 

 

 
Fig. 2. Diagram of inverter module 

 

 
 

Fig. 3. LC Filter 
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The last stage of the control is a hysteretic-delta modulator.  
This modulator generates the switching signals for the 
transistors in the inverter based on the current commands 
given by the synchronous current regulator.  The hysteretic-
delta modulator is a combination of the hysteresis and the 
delta modulators [17].  The diagram in Fig. 6 depicts a state 
transition diagram for the ‘x’ leg of the inverter module using 
the hysteretic delta modulator (x can be a, b, or c).  There are 
two states in this diagram.  The first represents allowing the 
upper switch in the ‘x’ leg to conduct and preventing the 
lower switch from conducting.  The second represents the 
opposite.  The condition for a transition is tested periodically 
with frequency samplef .  When the condition is true, the state 
is changed.  Staggered switching is used.  That is, the 
condition for the state of the switches in phase b to change is 
checked ( )samplef3/1  after phase a, and phase c is checked 

( )samplef3/1  after phase b and so on.  This prevents any two 
phase legs from switching at the same time and thereby 
reduces the effects of electromagnetic interference.  This 
modulator allows direct limitation of the switching frequency 

 

 
Fig. 4. Inverter module voltage regulator 

 

 
 

Fig. 5. Synchronous current regulator 

 
 

Fig. 6. Hysteretic delta modulator 
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of each leg and also gives a measure of control of the fidelity 
of the signal through the hysteresis level, h .  Control 
parameters are listed in Table II in the Appendix.   

B. Admittance Measurement and Comparison 
 A time domain simulation of the inverter module was 
developed and used to conduct the proposed admittance 
measurement technique.   
 The first study, depicted in Fig. 7, is the small signal 
admittance when the inverter module input dc voltage is 420 
V and the output power is 9.6 kW.  Admittances were 
measured at 30 frequencies logarithmically spaced between 10 
Hz and 10 kHz using the procedure described above.  For this 
study, three cascaded first-order low pass filters with cut-off 
frequency of 5 kHz were used.  The perturbation voltage 
magnitudes for all of these frequencies were set to 0.5 V.  The 
selection of the magnitude of the voltage perturbation requires 
some engineering judgment.  It should not be so big that it 
severely affects the performance of the device under 
investigation.  The reduced noise in a computer simulation 
compared to experimental test set-ups allows the use of 
smaller perturbations.  The admittance was also measured 
experimentally by introducing a perturbation at a single 
frequency with a transformer.  The admittance at that 
frequency was then measured and calculated with a Hewlett 
Packard 35650 network analyzer.  The admittance measured 
using time domain simulation and the admittance measured 
experimentally on a hardware test system are depicted.  As 
can be seen, the proposed method accurately predicts the 
observed admittance.  

The validity of the procedure depends on its ability to 
recreate the time domain voltage or current data.  The voltage 
and current simulation waveforms and reconstructed 
waveforms are depicted in Fig. 8.  Note that a small offset was 

added to the reconstructed waveforms so they could be 
differentiated from the original in the plot.  The procedure 
does indeed recreate the waveforms accurately.   
 The admittance prediction of the proposed approach is now 
compared to other possible procedures.  The first alternate 
approach is to use the DFT.  Identical voltage and current data 
used with the proposed approach can be used with the DFT 
(i.e. filtered data with perturbations at many frequencies 
simultaneously).  For each of the perturbation frequencies, the 
data is truncated so that it includes the largest integer number 
of cycles of that frequency.  Then the DFT is applied to the 
truncated data and the voltage, iv~ , and current component, ii

~ , 
at the frequency is extracted.  Then, (30) can be applied to 
calculate admittance.  The results of this analysis are depicted 
in Fig. 9. 
 A second alternate approach is to use Welch’s averaged 
periodogram method.  This was applied to the same voltage 
and current data used with both the DFT and proposed 
approaches.  This method performs frequency analysis on a 
number of subsections of the data, and then averages the 
results together to calculate frequency domain information for 
the entire set of data.  The results are dependent upon the 
number of subsections analyzed and averaged.  Finding the 
best number of subsections to use by trial and error can be 
tedious and time consuming.  The frequency domain data 
returned by the procedure does not correspond precisely to the 
actual perturbation frequencies.  Thus, the analyst must use 
data corresponding to frequencies close to the perturbation 
frequencies.  The rest of the data corresponds to other 
frequencies and is meaningless with regard to immittance 
computation.  It should, therefore, be disregarded.  The results 
of this analysis are depicted in Fig. 10.  
 The predictions of the proposed approach are compatible 

 
Fig. 8. Waveform reconstruction comparison 

 
 

Fig. 7. Admittance measurement using proposed 
approach 
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with those of the other two approaches.  Advantages of the 
proposed method include the ability to specify the precise 
frequencies for which immittance data is desired, to calculate 
the immittance at all perturbation frequencies simultaneously 
and to use knowledge of frequencies that occur naturally in 
the system to increase accuracy.   

C. Generalized Admittance  
 The stability analysis technique developed in [1] and [2] 
utilizes the concept of a generalized admittance.  In general, 
small signal admittances of nonlinear power system 
components can only be evaluated at a particular operating 
point.  A generalized admittance, on the other hand, is the 
encapsulated set of all admittances that the component can 
exhibit over a range of operating points.  For example, Fig. 11 
depicts the generalized admittance of the inverter module, 
measured experimentally, for a family of operating points.  
This family is all combinations of input dc voltage and output 
power, where the input dc voltage is allowed to assume either 
400 V or 420 V, and the output power is allowed to assume 0 
W, 4.6 kW, or 9.6 kW.  The sudden widening of the 
generalized admittance in the 60 Hz region is due to 
undesirable parasitic coupling to the laboratory power system.  
The widening of the admittance at high frequencies is due to 
the switching of the power electronics converters, which 
degrades the admittance measurement.  Fig. 12 depicts the 
generalized admittance for the same family of operating points 
measured using time domain simulations.  The generalized 
admittance measured with time domain simulations closely 
matches the experimentally measured generalized admittance.   
 
 

 

VIII. CONCLUSIONS 
 A novel method of calculating the immittance of a power 
electronics based system component was set forth.  This 
method is based on detailed simulations and can, therefore, be 
used in the design process even for converters/controls 
wherein it is too difficult to derive an average value model.  It 
is computationally efficient since immittance values can be 
calculated at many frequencies simultaneously.  The results of 
a case study show that the method can accurately calculate 
immittances and the underlying waveform representation 
scheme is capable of encapsulating the harmonic content of 
signals.  The alternate approaches of using the DFT or 
Welch’s averaged periodogram method were shown to obtain 
similar results, however, these methods have the 
disadvantages of requiring the time-domain to be truncated on 
a frequency-by-frequency basis (DFT) or not calculating the 
immittance at the perturbation frequencies (Welch’s method). 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 9. Admittance measurement using DFT 

 

 
Fig. 10. Admittance measurement using Welch’s 

averaged periodogram method 
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APPENDIX 
INVERTER MODULE AND CONTROL PARAMETERS 

TABLE I.  
INVERTER PARAMETERS 

 
Symbol Description Value 

swv   Controlled switch voltage drop 2 V 

swr   Controlled switch resistance 10 mΩ 

dv   Diode voltage drop 2 V 

dr   Diode resistance 10 mΩ 

inC   Input capacitance 590 µ F 

Cinr   Input capacitor series resistance 127 m Ω  

acL   Filter inductor inductance  550 µH 

Lr   Filter inductor resistance 38 mΩ 

acC   Filter capacitor capacitance 50 µF 

Cr   Filter capacitor series resistance 8 mΩ 

 
TABLE II.  

CONTROL PARAMETERS 
 

Symbol Description Value 
esteqC ,  Estimated wye-equivalent filter 

capacitance 
150 µF 

pK   Proportional feedback gain 225 mA/V 

iK   Integral feedback gain 46.9 
mA/(Vs) 

limiti   Current limit 50 A 

scrτ   SCR time constant 0.5 ms 

fcli   Feedback current limit 20 A 

smplef  Per-phase sampling frequency for 
hysteretic-delta modulator 

100 kHz 

h   Hysteresis level for hd modulator 1.5 A 
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