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Small-Signal Impedance Measurement of
Power-Electronics-Based AC Power Systems

Using Line-to-Line Current Injection
Jing Huang, Student Member, IEEE, Keith A. Corzine, Member, IEEE, and Mohamed Belkhayat

Abstract—Naval ships as well as aerospace power systems are in-
corporating a greater degree of power electronic switching sources
and loads. Although these components provide exceptional perfor-
mance, they are prone to instability due to their high efficiency and
constant power characteristics that can exhibit negative impedance
nature at certain frequencies. When designing these systems, in-
tegrators must consider the impedance versus frequency at an in-
terface (which designates source and load). Stability criteria have
been developed in terms of source and load impedances for both
dc and ac systems, and it is often helpful to have techniques for
impedance measurement. For dc systems, the measurement tech-
niques have been well established. This paper introduces a new
method of impedance measurement for three-phase ac systems. By
injecting an unbalanced line-to-line current between two lines of
the ac system, all impedance information in the traditional syn-
chronous reference frame d−q model can be determined. For
medium-voltage systems, the proposed technique is simpler and
less costly than having an injection circuit for each phase. Since
the current injection is between only two phase lines, the proposed
measurement device can be used for both ac and dc interfaces.
Simulation and laboratory measurements demonstrate the effec-
tiveness of this new technique.

Index Terms—Impedance measurement, power conversion,
power system stability, power system testing.

I. INTRODUCTION

POWER-ELECTRONIC-BASED systems are prone to neg-
ative impedance instability due to the constant-power na-

ture of the individual components [1]–[13]. Previous research
has shown that the instabilities can be avoided in some sys-
tems by modification of the power electronic controls [4]. Other
research has defined admittance space criteria based on a dc
interface that can be used to design system components [5]. In
1976, Middlebrook first stated the criterion that a system is sta-
ble if the Nyquist contour of product of the source impedance
Zs and load admittance Yl remains within the unit circle [1].
Since then, impedance techniques have been used for power
supply design [2], [3], and a number of stability criteria have
been proposed [5], [7], [8] that involve magnitude and phase of
the impedance. When power components from various vendors
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are integrated into a system, their impedances can be used to
determine the overall system stability. For this reason, extrac-
tion of impedance is becoming increasingly important in many
applications.

Methods of extracting impedance in dc systems have been
well established [4]–[10], whereby small disturbance signals
at various frequencies are injected into the system, and the
pertinent currents and voltages are measured and processed
to obtain the desired impedance or admittance over the fre-
quency range of interest. The disturbance injection may be a
shunt current or a series voltage. For ac systems, the tradi-
tional current-injection techniques need to be applied in the
synchronous d−q reference frame. Recent research has shown
that stability criteria for ac systems can be developed based on
the d−q impedances of the source and load (defined at a partic-
ular system interface) [12]. Initial research into ac impedance
measurement was based on injecting current disturbances us-
ing suppressed-carrier modulation [13]. Other research has fo-
cused on impedance measurement techniques on ac power sys-
tems [14], [15]. In the d−q reference frame, suppressed-carrier
modulation is equivalent to injecting a disturbance current at
the frequency of interest with constant amplitude. By adjust-
ing the modulation of linear amplifiers, one could inject dis-
turbances into the d- and then q-axes to obtain the impedance
information [13]. In later research, specific current-injection cir-
cuits were proposed with medium-voltage systems in mind [16].
In particular, chopper circuits, pulsewidth modulation (PWM)
amplifiers, and additional electric machines were proposed for
performing the current injection. Furthermore, injecting signals
at arbitrary angles (not completely in the d- or q-axis) was
suggested to account for the effect of coupling between the
axes [16].

This paper proposes an alternative method for measuring the
d−q model impedances of an ac power system. Instead of using
a three-phase current-injection circuit, a single-phase current is
injected between two of the ac lines. Compared with existing
measurement techniques, the proposed method has the follow-
ing advantages.

1) It is simpler to construct and requires less power elec-
tronic components that will reduce the cost, especially in
medium-voltage systems.

2) The transistors are switched asynchronously using square
waves with a fixed 50% duty cycle, which makes the im-
plementation straightforward.

3) The structure can be used to measure impedance on both
ac and dc systems.

0885-8993/$25.00 © 2009 IEEE
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Fig. 1. Example active rectifier system.

4) Each measurement point is made from two different fre-
quencies that avoids the necessity to align the measure-
ments with the d- or q-axis.

The theoretical background for the proposed line-to-line in-
jection ac impedance measurement is presented. This is fol-
lowed by the introduction of practical current injection circuits.
The new technique is then demonstrated with detailed computer
simulation and laboratory measurements.

II. STABILITY ANALYSIS AND IMPEDANCE

Middlebrook [1] stated the criterion that a system is stable if
the Nyquist contour of the product of source impedance and load
admittance ZsYl remains within the unit circle. Since then, con-
siderable research on impedance/admittance extraction has been
conducted for dc systems. Extraction of impedance/admittance
in dc systems is relatively simple due to natural existence of
the system’s equilibrium point. A small voltage or current dis-
turbance at a specific frequency is injected to obtain the small-
signal impedance (Z = ∆v/∆i). Stability performance over
the frequency range of interest could be obtained by repeating
this procedure and analyzing the Nyquist plot of ZsYl .

For symmetrical and balanced three-phase ac systems, an
equilibrium point can be obtained from the d–q model. When
all quantities are transformed into the synchronous d−q refer-
ence frame, the small-signal d−q impedance characteristics of
a source or load describe the frequency-dependent relationship
between small variations of d−q voltages and d−q currents in
the same way as with dc systems. In the case of ac systems, the
impedance is expressed in a matrix by[

∆Vq

∆Vd

]
=

[
Zqq Zqd

Zdq Zdd

] [
∆Iq

∆Id

]
(1)

where ∆ denotes a small deviation of the respective variable
from the equilibrium point.

Fig. 1 shows an example active rectifier system used to il-
lustrate concepts of stability and impedance in three-phase ac
systems. For simplicity, a 60-Hz ac power source with a resistor
and inductor is used to represent a utility grid or a synchronous
generator. A PWM filter is located before the full-bridge in-

sulated gate bipolar transistor (IGBT) rectifier. Constant-power
load performance is achieved by keeping the dc bus voltage
vdc constant across the resistive load. The rectifier control also
maintains unity power factor at the source terminals. A shunt
current will be injected between the PWM filter and the rectifier,
which is the interface-defined source and load in this ac system.

Fig. 2 shows an analysis of the active rectifier system. An
average-value model of the PWM was used for this analysis.
Using this model, the source and load impedance matrices can be
obtained. For light loads, the Nyquist plot indicates stability, as
shown in Fig. 2(a). When the load is increased, an encirclement
of the −1 point occurs, as shown in Fig. 2(b). Fig. 2(c) shows
a dynamic simulation where the load is stepped from light load
to heavy load. As predicted by the Nyquist plot, an instability
occurs.

III. TECHNIQUES OF AC IMPEDANCE EXTRACTION

For this research, the injection of shunt current disturbances
over series voltage disturbances was selected since this could
lead to more practical implementation for medium-voltage sys-
tems, considering the ratings of present-day semiconductor de-
vices. In previous research [12], [13], the quadrature ampli-
tude modulation (QAM) of the fundamental, also known as the
suppressed-carrier injection technique, was used for impedance
measurement. With this method, a set of three-phase modulated
currents are injected into the system between the source and
load with the form

ia inj = Im cos (ωst) cos (ωet − φinj) (2)

ibinj = Im cos (ωst) cos
(

ωet −
2π

3
− φinj

)
(3)

icinj = Im cos (ωst) cos
(

ωet +
2π

3
− φinj

)
(4)

where ωe is the fundamental radian frequency of the system.
The injection signals are sinusoidal in the d−q synchronous
reference frame with frequency ωs , which is similar to the small-
signal injection signals used in dc systems. In the synchronous
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Fig. 2. Nyquist plots and average-value model simulation. (a) Nyquist plot (light load). (b) Nyquist plot (large load). (c) Average-value model simulation.

reference frame, the injected d−q currents are

iq inj = Im cos(ωst)cos(φinj) (5)

idinj = Im cos(ωst) sin(φinj). (6)

When the currents are injected in steady state, the source or
load impedances are related to the disturbance of voltages and
currents in the arbitrary reference frame at the injected frequency
by (1).

For a three-phase system without a zero-sequence current,
the impedance matrix consists of four unknowns: Zqq , Zqd ,
Zdq , and Zdd . Therefore, at least two sets of measurements are
needed in order to solve the linear system of equations. For the
two measurements, the full set of equations is

Ṽq1 = Zqq Ĩq1 + Zqd Ĩd1 (7)

Ṽd1 = Zdq Ĩq1 + Zdd Ĩd1 (8)

Ṽq2 = Zqq Ĩq2 + Zqd Ĩd2 (9)

Ṽd2 = Zdq Ĩq2 + Zdd Ĩd2 (10)

where Ĩ and Ṽ are the measured phasor currents and voltages
at the injection frequency ωs , respectively, and the subscripts
1 and 2 denote the two linear independent measurements. The
equations have a unique solution for the impedance matrix only
when the two measurements are linearly independent.

In previous research [16], two different injection angles φinj
are used for each injection frequency of interest, resulting in
injected currents of

iq1inj = Im cos(ωst)cos(φ1inj) (11)

id1inj = −Im cos(ωst) sin(φ1inj) (12)

iq2inj = Im cos(ωst)cos(φ2inj) (13)

id2inj = −Im cos(ωst) sin(φ2inj) (14)

where φ1inj and φ2inj are different injection angles. For the same
injection frequency, the current amplitude Im is kept the same

Fig. 3. Vector diagram of three-phase injected currents.

for the two different angles. To illustrate this process, the two
sets of injected currents in the d−q plane are shown in Fig. 3.
It can be seen that the two current vectors are linearly indepen-
dent, and thus, are suitable to be used to solve the impedance
matrix.

It is instructive to look at other methods of obtaining two
independent measurements. The injected signals can be pure
sinusoidal in a–b–c variables instead of modulated signals as
in (2)–(4). In order to obtain pure sinusoidal injected signals in
the d−q reference frame, two measurements need to be taken at
different injection frequencies: one at |ωs + ωe | and the other
one at |ωs − ωe | with the phase sequence reversed. One such

Authorized licensed use limited to: University of Missouri System. Downloaded on March 31, 2009 at 13:07 from IEEE Xplore.  Restrictions apply.
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example of a set of injected currents is [17]

ia1inj = Im cos (ωst + ωet)

ib1inj = Im cos
(

ωst + ωet −
2π

3

)

ic1inj = Im cos
(

ωst + ωet +
2π

3

)
ia2inj = Im cos (ωst − ωet)

ib2inj = Im cos
(

ωst − ωet +
2π

3

)

ic2inj = Im cos
(

ωst − ωet −
2π

3

)
. (15)

Yet another example involves allowing the injection signal to
be unbalanced as

ia1inj = Im cos (ωst + ωet)

ib1inj = Im cos (ωst + ωet)

ic1inj = −2Im cos (ωst + ωet)

ia2inj =
1
2
Im cos (ωst + ωet)

ib2inj = Im cos
(

ωst + ωet −
2π

3

)

ic2inj = −
√

3
2

Im sin (ωst + ωet) . (16)

Alternatively, other unbalanced injection currents, without
zero-sequence current, can be injected to extract the impedance.
As the earlier examples illustrate, any two sets of injected signals
that are linearly independent can be used to obtain the d−q
impedance matrix. Besides the injection method described in
[13] and [16], there are a number of different forms that the
injected currents can take.

The injection currents shown in (17) represent another ex-
ample of unbalanced injected currents that might be the easiest
when it comes to hardware implementation, because one phase
current is set to zero

ia1inj = 0

ib1inj = −Im cos (ωst + ωet)

ic1inj = Im cos (ωst + ωet)

ia2inj = 0

ib2inj = −Im cos (ωst − ωet)

ic2inj = Im cos (ωst − ωet) . (17)

In this injection scheme, a positive and a negative fundamental
frequencies are separately added to the frequency of interest. In
the synchronous reference frame, the injected currents include
terms at the frequencies |ωs + 2ωe | and |ωs − 2ωe |. Regard-
ing only the terms at the injection frequency as important, the

Fig. 4. Vector diagram of line-to-line injected currents.

injected current in the d−q frame can be expressed as

iq1inj =
1√
3
Im sin(ωst) + · · ·

id1inj =
1√
3
Im cos(ωst) + · · ·

iq2inj = − 1√
3
Im sin(ωst) + · · ·

id2inj =
1√
3
Im cos(ωst) + · · · . (18)

In this method, magnitudes of d- and q-axis terms of the
injected currents are maintained while the injected signals are
symmetrical about the d-axis. This is illustrated graphically in
Fig. 4. It can also be seen that the two current vectors are not
directly proportional, which means that they are linearly inde-
pendent, and thus, can be used to obtain the desired impedance.

Fig. 5 shows a detailed flowchart for measuring a set of
impedances in a three-phase ac system. It involves injecting cur-
rents of (17) at |ωs + ωe | and |ωs − ωe |, and capturing steady-
state data for each measurement frequency. For ac systems, a
line-synchronization program is used to extract the electrical
angle information of the fundamental component that will be
used to transform all measured currents and voltages to the
synchronous d−q reference frame. The disturbance signal is ac-
tually the terms at a specific frequency in the frequency domain,
so the transformed variables are processed with a fast Fourier
transformer (FFT) operation; the magnitude and phase values
for each voltage and current value at the injected frequency will
be extracted. It should be pointed out that when the frequency
is known a priori, computational techniques other than FFT,
such as Fourier series extraction or discrete Fourier transform
(DFT), can also be used [18]. According to the authors’ experi-
mentation, the Fourier series extraction yielded nearly the same
results as the FFT. The FFT was chosen as a method for this
study since the algorithm is readily available in allot of math
processing application software packages. The impedances are
then calculated from (7)–(10), and the process is repeated for all
injection frequencies of interest. By contrast, a dc impedance
calculation algorithm is relatively simple. Only one set of cap-
tured data is necessary, the d−q transform is not needed, and
the impedance is a simple ratio of the voltage and current at the
frequency of interest.

Authorized licensed use limited to: University of Missouri System. Downloaded on March 31, 2009 at 13:07 from IEEE Xplore.  Restrictions apply.
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Fig. 5. AC impedance calculation algorithm.

Fig. 6. Practical current injection.

IV. PRACTICAL MEASUREMENT CIRCUITS

The previous section described several current forms that can
be injected to determine the source and load impedances (and
thereby the admittance) of three-phase ac systems. As a practical
matter, (17) yields a simple way to implement current injection.
Since injection currents in only phases b and c are needed and

Fig. 7. H-bridge-based injection device circuit.

Fig. 8. Chopper injection circuit.

they have opposite signs, a line-to-line injection signal in a three-
phase ac system can be used as shown in Fig. 6. Fig. 6 also shows
that the injected signal works with dc as well as single-phase
ac systems that have a similar structure. Therefore, the injection
circuit can be used to measure impedance on both ac and dc
systems. The practical measurement can be realized in several
ways. Two such circuits are shown in Figs. 7 and 8. It should
be noted that the main component of these two circuits is an
IGBT that can have characteristics that provide the possibility
of application in medium-voltage systems.

A. H-Bridge Circuit

Fig. 7 shows how the current injection can be accomplished
with an H-bridge circuit. When applying this circuit for current

Authorized licensed use limited to: University of Missouri System. Downloaded on March 31, 2009 at 13:07 from IEEE Xplore.  Restrictions apply.
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Fig. 9. Injected current waveforms in dc and ac systems.

injection, a current-regulated PWM method such as hysteresis
modulation or delta modulation [19] can be used to ensure
the appropriate currents. The advantage of the active H-bridge
converter is accurate control of the injected currents. However,
this control means that the switching frequency of the inverter
must be several times the highest frequency component of
the injected current. For this reason, the H-bridge circuit is
recommended for low-voltage systems where higher frequency
transistors can be used.

B. Chopper Circuit

The H-bridge circuit generates an injection current using tech-
niques similar to a single-phase inverter, where the dc power
source is the dc capacitor link. The injected current is controlled
to the desired current. The chopper circuit, however, gener-
ates the injection current by creating a variable impedance path
across two phases of the system. Since the line-to-line voltage
contains the fundamental frequency ωe , the variable impedance
is designed with switching frequency |ωs ± 2ωe | to satisfy (17).
As shown in Fig. 8, the chopper circuit consists of two resis-
tive branches, and a bidirectional switch is connected in series
with one of the branches. By gating the switch ON and OFF, the
equivalent impedance of the circuit alternates between R2 and
R1‖R2 . The values of resistors R1 and R2 do not have to be
the same. Mathematical analysis shows that when the value of
R2 is infinite, the fundamental injection has a smaller ratio, as
detailed in the Appendix. In the following simulation and labo-
ratory results, the R2 branch is chosen to be an open circuit. The
capacitor branch shown in Fig. 8 is small in value and operates as
a snubber to extinguish voltage spikes caused by switching. This
is necessary in typical power systems where the source and load
are inductive in nature. Since the capacitive impedance is small,
it does not significantly affect the impedance measurement.

Appropriate switching patterns, together with the fundamen-
tal line-to-line voltages across the circuit, create a current that
flows from one line to the other. In this study, the bidirec-
tional switch is controlled with square waves that have a fixed
50% duty cycle. The relationship between the square-wave
impedance and desired injected current is given in the Appendix.

The primary advantage of the chopper circuit is that the
switching frequency is set to |ωs ± 2ωe |, which is very low com-
pared to the H-bridge circuit method. Therefore, this circuit is

TABLE I
INDUCTION MACHINE PARAMETERS

more suitable for medium-voltage systems where the transistor
switching frequency is limited. The primary disadvantage is that
the injected current will have considerable harmonics. However,
these are mathematically removed by the FFT process.

The injection frequency of the proposed method is a function
of the fundamental frequency. This means that for measuring fre-
quencies well below the fundamental, the injected current is at a
frequency close to the fundamental, which is easier to generate
and leads to shorter data logging times. For example, measur-
ing the impedance at 0.1 Hz with the proposed method uses a
switching frequency around 2fe ± 0.1 Hz, while typical three-
phase injection methods requires near-zero switching frequen-
cies, which may be problematic in hardware implementation.

The idealized injected currents of the chopper circuit for dc
and ac systems have example waveforms shown in Fig. 9. In dc
systems, the injected current is proportional to the resistor value,
so it is also a square waveform. In ac systems, a square wave
with a frequency of |ωs ± 2ωe | modulated by the fundamental
frequency will result in the |ωs ± ωe | frequency terms.

V. COMPUTER SIMULATION RESULTS

A line-to-line chopper circuit injection was simulated for the
system shown in Fig. 10, using the advanced continuous simula-
tion language (ACSL) [20]. A fixed-frequency (60 Hz) ac power
source with input inductors is used to represent a utility grid or
a synchronous generator. The system consists of a 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
Ls = 0.46 mH and a line-to-neutral terminal voltage of 120 V.
Both PWM filters have parameters of Rf 1 = Rf 2 = 10.86 Ω,
Lf 1 = Lf 2 = 1.2 mH, and Cf 1 = Cf 2 = 5.95 µF. The dc-link
capacitance is Cdc = 3500 µF. The induction motor is a 3.7-
kW machine with d−q model [21] parameters listed in Table I.
In this system, the rectifier is controlled [16] with a constant
modulation index of m = 0.88 and constant phase angle rela-
tive to the source voltage of φv = −3.55o . The inverter operates
with a constant frequency of 60 Hz and a modulation index of
0.97. The induction motor speed is set to 1750 r/min for rated
operation.

Injection of shunt current for impedance measurement is ac-
complished using the chopper circuit shown in Fig. 8, which is
capable of measuring at ac or dc interfaces. For ac impedance
measurement, the injection circuit was placed between the
source and input filter. For dc impedance measurement, the
chopper circuit measures impedance at the output of the rectifier
(before the dc-link capacitor). The source impedance and load
admittance at dc are shown in Fig. 11. The frequency was swept
from 0.1 to 4995 Hz, and the source impedance and load admit-
tance was extracted for each frequency. Two simulation sets are
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Fig. 10. Example system for impedance measurement demonstration.

Fig. 11. DC impedances determined in simulation.

used for ac and dc impedances separately. Fig. 12 shows the ac
source impedances and load admittance determined from sim-
ulation using the chopper circuit current injection. A Jacobian
analysis was also applied in ACSL to obtain the small-signal
d−q impedance matrix [20] based on frequency-domain cal-
culation about the operating point in state space by numerical
perturbation. The d−q impedance matrix was then used to com-
pare with simulation results from the injected signal.

Fig. 11 shows the simulated magnitude and phase information
of the impedances at the dc interface. Fig. 12 shows the four
individual d−q impedances determined at the ac interface of
system in the form of real and imaginary parts. It is presented in
this form because, at some frequencies, the magnitude is close
to zero and the angle then loses meaning. Herein, the solid line
of both plots denotes the Thevenin d−q impedance and the “+”
markers correspond to the points predicted from the injection
methods. As can be seen, they appear identical, thus validating
the impedance measurement method using a detailed simulation
of the injection circuit and waveform processing outlined in
Fig. 5.

VI. LABORATORY VALIDATION

A. Induction Motor Drive System

In order to validate the proposed method, a laboratory proto-
type of the system shown in Fig. 10 was assembled and tested
together with a line-to-line chopper injection circuit. The chop-
per circuit was operating with R1 = 200Ω and R2 = ∞. The
following sections describe the resulting measurements.

In the laboratory, the injection frequencies were swept from
0.3 to 4995 Hz at values corresponding to the simulation. To
avoid the effects of system harmonics on the injection signal
measurement, measurement at frequencies that are multiples of
system fundamental frequency were avoided during the test. The
data acquisition device sampling frequency and resolution are
high enough that the small injection signal could be extracted
without degradation of accuracy.

The first laboratory measurement involved the shunt-
connected chopper circuit for measurement of the dc impedance.
As with the simulation results, the magnitude and phase of
the impedances are shown in the graphs. The ideal Jacobian
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452 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 24, NO. 2, FEBRUARY 2009

Fig. 12. AC impedances determined in simulation.

Fig. 13. Measured dc system impedances.

prediction of the system impedance was plotted as the solid line.
The +’s are from the line-to-line injection measurements using
the chopper circuit. As can be seen from Fig. 13, the dc imped-
ance extracted from laboratory measurements is consistent with
the ideal impedance or simulated results with the exception of

the magnitude of load at low frequency and phase of load at high
frequency. The latter discrepancy is because both the real part
and the imaginary part of the load impedance are close to zero,
and the phase values become very sensitive to a small measure-
ment error. However, when the magnitude of the impedance is
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Fig. 14. Measured ac system impedances.

close to zero, the phase becomes insignificant. The mismatch
at low frequencies is because there is a dc machine driving the
inductor motor in the laboratory. The control loop for this dc
machine includes a speed proportional integral (PI) controller,
with a commanded output current, and an armature current PI
controller. The model for this is approximately replaced with
an induction motor running at constant speed in the simulation.

Fig. 14 shows the ac impedance measurement results. The
traces and scales for this figure are the same as the simulated
results shown in Fig. 12. Overall, the measured impedances are
in good agreement with the ideal impedances. The discrepancy
in the real part of the source impedance at high frequency is pri-
marily due to the existence of nonideal resistance that varies with
frequency. In the laboratory setup, an Elgar-SW5250A power
supply [22] was programmed to provide the three-phase volt-
age. An output impedance curve from the manufacturer shows
an increase of resistance value as frequency increases with a
magnitude that accounts for the measured error. The real part of
Zqd and Zdq has some small error, which is acceptable, because
the values themselves are very small.

At low frequencies, discrepancies in the load impedance are
seen at low frequencies. However, the measured value of Zqq is
shown to be close to the ideal value. Since the magnitude of Zqq

is much greater than the other impedances, it will be dominated
in terms of ac system stability criteria [12]. Therefore, these
measurements are still useful in predicting system stability.

B. Navy Ship System Inverter

As a final experimental test, the chopper circuit was used to
measure impedance of a standard shipboard inverter. In this sys-

tem, the inverter was supplying 450-V to a 100-kW three-phase
resistive load. The chopper circuit was placed between the in-
verter and load, and impedance measurement was obtained for
frequencies from 2 to 500 Hz. Good signal integrity was ob-
tained, and the source and load impedances had a reasonable
variation with frequency. Herein, the impedance information
was combined to form the Nyquist plot. Fig. 15(a) shows a pho-
tograph of the chopper circuit and Fig. 15(b) shows the resulting
Nyquist plot. There are two paths in the plot corresponding to
the two eigenvalues. They start at the center and spiral outward
as the measurement frequency is increased. Since the eigenval-
ues are far from the −1 point and no encirclement is seen, the
system is seen to be very stable.

VII. CONCLUSION

As more power-electronics-based conversion is incorporated
into naval shipboard power systems, stability has become a ma-
jor concern. Research into ac system stability using the small-
signal impedances of the d−q model is a relatively new concept
when compared to dc stability. Recent research has defined sta-
bility criterion for ac systems, and methods of ac impedance
measurement have been presented. This paper introduced a new
method of ac impedance measurement, whereby a chopper cir-
cuit creates a line-to-line disturbance between two phases. It
was mathematically shown, as well as through simulation and
laboratory measurements, that all of the necessary d−q model
information can be obtained using measurements from the line-
to-line disturbances. The new impedance measurement circuit
is simple to construct, suitable for both dc and ac impedance
measurements, and applicable to medium-voltage systems.
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Fig. 15. Laboratory measurement at NSWC. (a) Photograph of impedance
measurement device. (b) Nyquist plot of PCM-2 inverter output.

APPENDIX

The switching waveform for the chopper transistor command
is a square wave that can be expressed by the sum of a series of
the harmonics of the switching frequency

sw = d + 2
∞∑

k=1

sin(kπd)
kπ

cos (kωt) (19)

where d is the duty cycle, k is the harmonic number, and ω is the
switching frequency, which was based on the desired injection
frequency and fundamental frequency as |ωs ± 2ωe |.

The coefficient of each harmonic is 2 sin(kπd)/kπ with an
offset of d, the value of which will decrease as k increases. It
can be seen that the term at the switching frequency is domi-
nant. When the duty cycle d is set to 50%, this term will have
maximum amplitude.

The equivalent resistance of the chopper circuit in Fig. 8 is

R = sw (R1‖R2) + (1 − sw)R2 = R2 − sw
R2

2

R1 + R2
. (20)

The equivalent admittance is obtained by taking the inverse
of equivalent resistance. Considering two typical cases, the ad-
mittances can be calculated as

Ycase1 =
1
R

=
2

R1(2 − sw)
=

1 + sw
R1

Ycase2 =
sw
R1

(21)

where case 1 involves R1 = R2 and case 2 involves R2 = ∞.
Considering the dominant terms of the waveform, the injected
current in ac systems and dc systems becomes

iinj ac = vbcY

=
Vllcos (ωet)

R1

(
a + d + 2

sin(πd)
π

cos (ωst ± 2ωet)
)

=
Vll

R1
(a + d)cos (ωet)

+
Vllsin(πd)

πR1
cos (ωst ± 3ωet) + · · ·

+
Vllsin(πd)

πR1
cos (ωst ± ωet) (22)

iinj dc = vdcY = Vdc
a + d + 2 (sin(πd)/π) cos (ωst)

R1

=
Vdc

R1
(a + d) +

Vdc2 sin(πd)
πR1

cos (ωst) (23)

where a is equal to 1 for case 1 and 0 for case 2.
The last term of (22) is exactly the desired injection current

defined in (17). Although the expression of (22) has more terms
than needed, these terms will be mathematically removed by the
FFT technique during data processing. Equations (22) and (23)
show that the fundamental injection in case 2 has a smaller ratio
when a is zero.
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