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Analysis and Design of Current Regulators
Using Complex Vectors

Fernando Briz, Member, IEEE, Michael W. Degner, Associate Member, IEEE, and Robert D. Lorenz, Fellow, IEEE

Abstract—The analysis and design of current regulators for mul-
tiphase ac loads is presented using complex vector notation. The
use of complex vector notation provides a way of comparing the
performance of controller topologies through their complex vector
root locus and complex vector frequency-response functions. Lim-
itations in the performance of the synchronous frame proportional
plus integral current regulator are outlined and several ways of im-
proving its performance are suggested and investigated.

Index Terms—Complex vector controls analysis, complex vector
frequency response, complex vector root locus, current regulators,
synchronous frame regulators.

I. INTRODUCTION

T HE synchronous frame proportional plus integral (PI) cur-
rent regulator has become the standard for current regula-

tion of multiphase ac machines due to its capability of regulating
ac signals over a wide frequency range [1], [2]. In a reference
frame synchronous with the fundamental excitation, the funda-
mental excitation becomes a dc quantity that is easily regulated
to the desired value using a PI controller. Even though the per-
formance characteristics of the synchronous frame PI current
regulator may seem intuitive, the multiple-input/multiple-output
nature of the system makes performance evaluation difficult.
In particular, the standard matrix or scalar notation does not
easily lend itself to classical control design techniques such
as root locus and frequency-response function (FRF).The syn-
chronous frame PI current regulator can be modeled using both a
nonlinear system representation [2] where the synchronous fre-
quency!e is considered a system variable or as a linear system
(Fig. 1) where!e is considered a time-varying system param-
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Fig. 1. Scalar block diagram of anRL load with a synchronous frame PI
current regulator, shown in the synchronous reference frame.

eter. Modeling!e as a parameter allows the use of linear systems
tools with the realization that!e is assumed to be essentially
constant.

The use of complex vector notation simplifies the model of
an ac machine from a multiple-input/multiple-output system to
an equivalent single-input/single-output complex vector system.
The performance of this complex vector model can then be eval-
uated using generalized forms of the root locus and FRF, the
complex vector root locus, and complex vector FRF. The pri-
mary goal of this paper is the development of these complex
vector design and analysis tools using current regulators as a
baseline example.

This paper systematically studies the performance of syn-
chronous reference frame current regulators. First the perfor-
mance of the synchronous frame PI current regulator is ana-
lyzed using scalar notation. AnRL load is used initially due to
its simple structure and reduced complexity. From this analysis,
it will be shown that the performance of this regulator is less
than would be intuitively expected. Complex vector modeling
will then be introduced as a way of explaining the performance
degradation and used to suggest several ways for improvement.
Finally, the analysis for theRL load will be extended to the case
of ac machine current control.

0093–9994/00$10.00 © 2000 IEEE
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TABLE I
RL LOAD PARAMETERS

(a) (b)

Fig. 2. Commanded and experimentalq- andd-axes current step responses for
anRL load with a synchronous frame PI current regulator of 200-Hz bandwidth,
shown in the synchronous reference frame. (a)fe = 50 Hz. (b)fe = 200 Hz.

II. SCALAR ANALYSIS OF SYNCHRONOUSFRAME

PI CURRENT REGULATORS

Using scalar notation, thedq model for a symmetric three-
phaseRL load in the stationary reference frame is
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Adding a synchronous frame PI current regulator to theRL load
results in the block diagram shown in Fig. 1.

From (2) and Fig. 1, it can be seen that, in the synchronous
reference frame, theRL load has two complex conjugate poles
located at�R=L � j!e. The classical synchronous frame PI
current regulator adds two open-loop poles to the system lo-
cated at the origin (the integrators) and two real zeros located
at�Ki=Kp.

The performance of the classical synchronous frame PI cur-
rent regulator was analyzed by applying it to a three-phaseRL
load with the parameters shown in Table I. The current regulator
was tuned by selecting a controller zero approximately equal to
the break frequency of theRL load, i.e.,Ki=Kp = R=L. The
controller gain was selected to achieve a relatively low band-
width of 200 Hz that exaggerates the control loop’s inherent
frequency dependency. Low current regulator bandwidths are
used throughout this paper to emphasize the performance char-
acteristics of the various controller topologies studied. Higher
bandwidths in almost all cases will reduce these differences.

An overlay of the commanded and experimental system re-
sponse to step changes in theq andd-axis current commands is
shown in Fig. 2 for constant input synchronous frequencies of
50 and 200 Hz.

From Fig. 2, it can be seen that, for a low synchronous fre-
quency, 50 Hz, the system behaves nearly as expected for a
200-Hz current regulator bandwidth. For a high synchronous
frequency, 200 Hz, serious degradation in the transient perfor-
mance can be seen. The system responds with characteristics
much closer to the time constant of the plantL=R than to the
tuned bandwidth of 200 Hz. In addition, significant cross cou-
pling between the responses of theq- andd-axes currents exist.

The cause of this performance variation is the frequency
dependent degradation in the pole/zero cancellation of the
classical synchronous frame PI current regulator. As the
synchronous frequency increases, the plant poles and con-
troller zeros migrate further apart, reducing the overall system
performance. Complex vector modeling can be used to gain
substantial design insight into this frequency-dependent perfor-
mance degradation.

III. COMPLEX VECTORMODELING

The dynamic models for polyphase ac systems can be rep-
resented using either complex vector or scalar notation [3]–[5].
The mapping of complex vector to scalar notation is shown in

fqd = fq � jfd (3)

wheref represents a generic complex vector quantity.
The complex vector itself can be represented in two forms: 1)

Cartesian, as shown in (3), and 2) polar, as shown in

fqd = Fej� (4)

whereF = jfqdj and� = a tan(�fd=fq).
Even though both scalar and complex vector representations

give the same results, each has its advantages and disadvantages
in analyzing a system. One of the advantages of using complex
vectors is that they reduce the order and the number of system
inputs and outputs by one-half. For example, the complex vector
FRF shows in a single plot the information contained in four
FRF’s using scalar notation. In general, it is easier to see the
system characteristics in one complex vector FRF rather than
in four separate scalar FRF’s. As a result, the complex vector
model is often more suitable for analysis using classical root
locus, frequency-response, transfer function, etc., methods.

IV. A NALYSIS OF SYNCHRONOUSFRAME PI CURRENT

REGULATORSUSING COMPLEX VECTORS

Using complex vector notation, the model for anRL load in
the stationary reference frame is shown in

vsqd = Risqd + Lpisqd (5)

and can be transformed to a synchronous reference frame by
substituting the “p” operator by “p+ j!e” as shown in

veqd = Rieqd + L(p + j!e)i
e
qd: (6)



BRIZ et al.: ANALYSIS AND DESIGN OF CURRENT REGULATORS USING COMPLEX VECTORS 819

Fig. 3. Complex vector block diagram of anRL load with a synchronous frame
PI current regulator, shown in the synchronous reference frame.

Fig. 4. Complex vector root locus of anRL load with a synchronous frame PI
current regulator (200-Hz bandwidth), shown in the stationary reference frame
(fe = 0, 50, and 200 Hz).

The complex vector representation reduces the order of the
system from a second-order to a first-order system. In addition,
the system is now a single-input/single-output form, instead of
the two-input/two-output form of the scalar model. The com-
plex vector block diagram of theRL load with a synchronous
frame PI current regulator is shown in Fig. 3 in a synchronous
reference frame.

From (6), it can be seen that, in the synchronous reference
frame, the plant has a single asymmetric complex pole located
at�R=L � j!

e
. Fig. 4 shows the complex vector root locus

for three different synchronous frequencies with the current reg-
ulator tuned identically to the tuning in the previous section
(Ki=Kp = R=L, 200-Hz nominal bandwidth). The root locus
was obtained using standard root locus functions in the Matlab
controls systems toolbox. The stationary reference frame was
considered the best reference frame to show the complex vector
root locus and will be used for it throughout this paper.

There are several key observations that can be made from
the three root loci plots. First, the complex vector root locus, as
scalar root locus, follows the magnitude and angle conditions.
However, it does not have to be symmetric with respect to the
real axis. This is due to the fact that the inputs and outputs are no
longer real numbers but complex vectors and it is possible to get
complex asymmetric poles and zeros. Second, the performance
degradation of the synchronous frame PI current regulator as the
synchronous frequency increases can be deduced as follows.

At low frequencies, the controller zero (a real number zero)
approximately cancels the plant pole (when the physical pole
is mostly real). This allows the response of the system to be
dominated by the faster closed-loop pole, placed at the desired
200-Hz bandwidth.

Fig. 5. Complex vector FRF of anRLload with a synchronous frame PI current
regulator (200-Hz bandwidth), shown in the stationary reference frame (fe =

0, 50, and 200 Hz).

At higher synchronous frequencies, the controller zero inter-
acts more with the integration pole added by the controller. The
resulting slower root moves progressively closer to the imagi-
nary axis, away from the zero, and increasing overshoot should
be expected.

Because the system has a single-input/single-output form
when modeled using complex vector notation, a single transfer
function completely describes its behavior

isqd
is
�

qd

=
Kp � s +Ki � jKp!e

Ls2 + (Kp + R� j!eL)s +Ki � j!e(Kp +R)
:

(7)
The complex vector FRF, shown in Fig. 5, is calculated from

this transfer function. The complex vector FRF is plotted with
both positive and negative frequencies since it is possible for
complex vectors to rotate both forward (positive frequencies)
and backward (negative frequencies). It is important to note that
this also requires complex vector FRF’s to be plotted using a
linear (rather than logarithmic) frequency scale. If the root locus
were symmetric about the real axis the FRF would be identical
for positive and negative frequencies, but because of the asym-
metry shown in the root locus the FRF is asymmetric. The sta-
tionary reference frame will be used throughout this paper for
complex vector FRF plots.

From Fig. 5, it can be seen that the change in the complex
vector FRF as the synchronous frequency increases is rather
dramatic. The overshoot and undershoot as the synchronous
frequency increases agrees with the behavior shown in the
root locus plots. It is important to note that all of the FRF’s
shown in Fig. 5 have a unity gain and zero phase shift at their
synchronous frequencies. However, at frequencies away from
the synchronous frequency there is significant distortion in the
FRF’s.

It is important to understand the meaning of the FRF at fre-
quencies different than the synchronous frequency. The syn-
chronous frequency is the steady-state fundamental component.
Both disturbances and changes in the command trajectory will
excite the system with a wide range of frequency content. The
FRF shows how the system will respond to the frequency con-
tent that is not at the steady-state synchronous frequency.
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(a) (b)

Fig. 6. Commanded and experimental current magnitude and phase step
responses for anRL load with a synchronous frame PI current regulator
(200-Hz bandwidth), shown in the synchronous reference frame. (a)fe = 50
Hz. (b)fe = 200 Hz.

The power of the complex FRF can be seen in Fig. 5, where
each individual curve completely describes the system behavior
for a single synchronous frequency, while the set of curves
clearly shows the dependency of the synchronous PI current
regulator on the synchronous frequency.

Complex vector notation can also be used to plot the time re-
sponse of the system as the polar “magnitude” and polar vector
angle (“phase”) of the complex vector instead of as the magni-
tude of theq- andd-axes quantities individually. The time re-
sponse shown in Fig. 2 is replotted in Fig. 6 using the complex
vector magnitude and phase. The command trajectory for the
time response can be seen to consist of a step change in the mag-
nitude command followed by a step change in the phase com-
mand. The synchronous reference frame will be used throughout
the remainder of this paper for the time response plots.

Even though the commanded synchronous frequency re-
mained constant for the time responses shown in Fig. 6, both
the steps in the magnitude and phase of the commanded current
introduce a large set of transient harmonics at frequencies
centered on the synchronous frequency. Because of this, the
transient response of the current regulator depends on its
capability to regulate frequencies other than the synchronous
frequency. The FRF’s shown in Fig. 5 are consistent with the
behavior shown in Fig. 6.

V. ALTERNATIVE DESIGN OFCURRENT REGULATORS FOR A

THREE-PHASE SYMMETRIC RL LOAD

The deteriorated time response for the classical synchronous
frame PI current regulator has been explained using complex
vector FRF and root locus methods. An ideal synchronous ref-
erence frame current regulator would have a time response inde-
pendent of the synchronous frequency when viewed in the syn-
chronous reference frame. Such a regulator would have a com-
plex vector FRF with a shape that does not vary with the syn-
chronous frequency. Instead, the center of the FRF shape would
just shift so that it is always symmetric about the synchronous
frequency.

Fig. 7. Complex vector block diagram of anRL load with a cross-coupling
decoupling synchronous frame pi current regulator, shown in the synchronous
reference frame.

Fig. 8. Complex vector root locus of anRL load with a cross-coupling
decoupling synchronous frame PI current regulator (200-Hz bandwidth),
shown in the stationary reference frame (fe = 0, 50, and 200 Hz).

A. Synchronous Frame PI Current Regulator With
Cross-Coupling Decoupling

One way of modifying the synchronous frame PI current reg-
ulator is to decouple the cross coupling between theq andd axes
caused by the!eL term in (2), which corresponds to decoupling
j!eL in (6). Decoupling this term will make the performance of
the current regulator independent of the synchronous frequency.
The block diagram of the cross-coupling decoupling form of the
synchronous frame PI current regulator is shown in Fig. 7 in a
synchronous reference frame.

The effect of the cross-coupling decoupling is to move the
pole of the plant from�R=L�j!e to�R=L in the synchronous
reference frame (�R=L to�R=L+ j!e in the stationary refer-
ence frame). By moving the pole to this location it is now pos-
sible to directly cancel it using the real zero added by the con-
troller. In fact, the PI controller gains necessary to achieve this
pole/zero cancellation and the desired bandwidth are identical
to those used for the synchronous frame PI current regulator
in the previous sections (Ki=Kp = R=L, with Kp tuned for
the desired bandwidth). The resulting complex vector root locus
for the cross-coupling decoupling synchronous frame PI current
regulator is shown in Fig. 8 for three different synchronous fre-
quencies.

B. Complex Vector Synchronous Frame PI Current Regulator

The methodology used for the design of the cross-coupling
decoupling synchronous frame PI current regulator suggests an
alternative way of achieving similar results. The cross-coupling
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Fig. 9. Complex vector block diagram of anRL load with a complex vector
synchronous frame PI current regulator, shown in the synchronous reference
frame.

Fig. 10. Complex vector root locus for anRL load with a complex vector
synchronous frame PI current regulator (200-Hz bandwidth), shown in the
stationary reference frame (fe = 0, 50, and 200 Hz).

decoupling synchronous frame PI current regulator attempted to
move the plant pole to the location of the controller zero through
the use of decoupling. The dual to this methodology is to move
the controller zero to the location of the plant pole by modifying
the controller structure. The modified form of the synchronous
frame PI current regulator that achieves the desired pole/zero
cancellation is shown in Fig. 9. This form of the synchronous
frame PI current regulator will be called the complex vector
synchronous frame PI current regulator throughout the rest of
this paper.

The basic design theory behind the complex vector syn-
chronous frame PI current regulator is to place the zero added
by the controller approximately on top of the plant pole, even
if the plant pole is complex. This is directly analogous to the
classical control pole/zero cancellation methodology, with the
only difference being that the use of complex vectors allows
the placement of the controller zero off of the real axis. For the
case of the RL load this results in the plant pole remaining at
�R=L � j!e in the synchronous reference frame, or�R=L
in the stationary reference frame, with the controller zero
placed on top of it. The actual PI controller gains necessary to
achieve this pole/zero cancellation and desired bandwidth are
identical to the gains used for the two forms of synchronous
frame PI current regulators shown in the previous sections
(Ki=Kp = R=L, with Kp tuned for the desired bandwidth).
The resulting complex vector root locus is shown in Fig. 10 for
three different synchronous frequencies.

The current regulators shown in Figs. 7 and 9 are imple-
mented in the synchronous reference frame. Both have an
equivalent stationary reference frame implementation that

Fig. 11. Complex vector FRF of anRL load for either a cross-coupling
decoupling or complex vector synchronous frame PI current regulator (200-Hz
bandwidth), shown in the stationary reference frame (f

e
= 0, 50, and 200 Hz).

is not shown due to space constraints. The two forms of
modified synchronous PI current regulators have previously
been presented and analyzed using scalar notation [6], [7].
Complex-vector-based analysis will be shown to provide
increased insight into their performance characteristics beyond
that demonstrated with scalar analysis.

VI. A NALYSIS OF CURRENTREGULATORS FOR ANRL LOAD

As was done for the conventional synchronous frame PI
current regulator, it is possible to calculate the complex vector
FRF’s for the two modified forms of the synchronous frame PI
current regulator. The transfer functions for the cross-coupling
decoupling and complex vector forms are shown in (8) and (9),
respectively,

isqd
is
�

qd

=
Kps +Ki � jKp!e�

Ls2 + (Kp +R� j!e(L + L̂))s

+Ki � !2

eL̂ � j!e(Kp + R)

� (8)

isqd
is
�

qd

=
Kps +Ki

Ls2 + (Kp +R� j!eL)s +Ki � j!eR
: (9)

Although it is not obvious from their transfer functions, if the pa-
rameter estimates are correct, and both current regulators have
the same PI gains, the complex vector FRF’s for the two current
regulators are identical and shown in Fig. 11. This agrees with
the pole/zero distribution of the two regulators seen in their cor-
responding root loci plots.

The shape of the complex vector FRF shown in Fig. 11 is
independent of the synchronous frequency and symmetric with
respect to it. This is identical to the desired FRF.

Fig. 12 shows the step response for the complex vector syn-
chronous frame PI current regulator. (The cross-coupling decou-
pling controller has nearly identical characteristics and, thus, is
not shown.)

The command trajectory goes through the same magnitude
and phase variations used to test the conventional synchronous
frame PI current regulator in Figs. 2 and 6. The improved per-
formance exhibited by both of the modified synchronous frame
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(a) (b)

Fig. 12. Commanded and experimental current magnitude and phase step
response for anRL load with a complex vector synchronous frame PI current
regulator (200-Hz bandwidth), shown in the synchronous reference frame. (a)
fe = 50 Hz. (b)fe = 200 Hz.

(a) (b)

Fig. 13. Commanded and experimental current magnitude and phase step
responses for 20% underestimation ofL for an RL load with two forms of
synchronous frame PI current regulators (200-Hz bandwidth), shown in the
synchronous reference frame (fe = 200 Hz). (a) Cross-coupling decoupling.
(b) Complex vector.

PI current regulators is obvious. Their time responses corre-
spond to the tuned bandwidth independent of the synchronous
frequency.

The analysis of the synchronous frame PI current regulators
up to this point has assumed that all of the parameters estimates
used for tuning are identical to the actual system parameters. A
suitable parameter sensitivity analysis will now be presented. It
will be limited to the two modified forms of the synchronous
frame PI current regulator with the classical synchronous frame
PI as benchmark.

Fig. 13 shows the time response for the cross-coupling de-
coupling and complex vector forms of the synchronous frame
PI current regulator, respectively, for 20 % underestimation of
L at a synchronous frequency of 200 Hz. Although both current
regulators still achieve performance significantly better than the
conventional synchronous frame PI current regulator with cor-
rect parameter estimates, Fig. 13 shows that the complex vector
form of the synchronous frame PI current regulator is less sen-
sitive to errors inL.

The reasons for the decreased parameter sensitivity of the
complex vector form of the synchronous frame PI current regu-

Fig. 14. Complex vector FRF for variations inL of an RL load with a
cross-coupling decoupling synchronous frame PI current regulator (200-Hz
bandwidth), shown in the stationary reference frame (f

e
= 200 Hz).

Fig. 15. Complex vector FRF for variations inL of anRL load with a complex
vector synchronous frame PI current regulator (200-Hz bandwidth), shown in
the stationary reference frame (f

e
= 200 Hz).

lator can be explained using the complex vector root locus. The
complex vector synchronous frame PI current regulator achieves
the desired pole/zero cancellation by moving the controller zero
to the location of the plant pole. Because of this, the approximate
pole/zero cancellation always occurs along the real axis of the
root locus in the stationary reference frame. When the parameter
estimates are incorrect the dynamics of any inexact pole/zero
cancellation will be shifted away from the synchronous fre-
quency for any synchronous frequency except dc. The cross-
coupling decoupling synchronous frame PI current regulator, on
the other hand, achieves the desired pole/zero cancellation by
moving the plant pole to the controller zero. This forces the dy-
namics of any inexact pole/zero cancellation to move with the
synchronous frequency.

The complex vector FRF can also be used to analyze the pa-
rameter sensitivity of the current regulators. Figs. 14 and 15
show the complex vector FRF’s at a synchronous frequency
of 200 Hz for errors in the inductance estimate of the cross-
coupling decoupling and complex vector synchronous frame PI
current regulators, respectively. The cross-coupling decoupling
synchronous frame PI current regulator has the most significant
deviations due to parameter errors centered right at the syn-
chronous frequency, while the complex vector synchronous fra-
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Fig. 16. Complex vector block diagram showing the implementation of
a current regulator for a three-phase induction motor using back-EMF
decoupling, shown in the synchronous reference frame.

me PI current regulator shifts these deviations away from the
synchronous frequency.

VII. D ESIGN OFCURRENTREGULATORS FORAC MACHINES

An RL load was used for the initial discussion of complex
vector design methods for synchronous frame current regula-
tors. While this model and method may be appropriate for ac-
tive filters and uniterruptible power supply (UPS) systems, the
analysis will now be extended to the control of current in ac ma-
chine drives.

The equations governing the dynamic behavior of an induc-
tion motor with the stator current and rotor flux as the state vari-
ables are given in (10) and (11) in a synchronous reference frame
[5]

pieqds =
1

L�s

�
veqds � (r0

s + j!e)i
e
qds +

Lm

Lr

!br�
e
qdr

�
(10)

p�eqdr =
Lm

Lr

rri
e
qds � (!br + j!e)�

e
qdr (11)
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L2

m

Lr
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�
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Lr

�2

rr!br =
rr

Lr

� j!r :

Using these equations, it is possible to transform the induction
motor into an equivalentRL load by approximately decoupling
the back EMF caused by the rotor flux from the stator equation
(10), as shown in Fig. 16.

The decoupling of the back EMF requires an estimate of the
rotor flux such as in [4]. Because the cross-coupling decoupling
and complex vector synchronous frame PI current regulators ba-
sically have the same performance if the parameter estimates
are correct, only the classical synchronous frame PI and the
complex vector synchronous frame PI current regulators will be
shown here.

All of the ac machine current regulator topologies in this
paper were tuned for a 200-Hz bandwidth using an induction
motor whose parameters are shown in Table II.

TABLE II
INDUCTION MOTORPARAMETERS

(a) (b)

Fig. 17. Experimentalq-axis current step response on a rotor-field-oriented
induction motor for classical and complex vector synchronous frame PI current
regulators with back-EMF decoupling (200-Hz bandwidth) forfe = 60 and
160 Hz, shown in the synchronous reference frame. (a) Classical synchronous
reference frame PI with decoupling. (b) Complex vector synchronous reference
frame PI with decoupling.

Fig. 17 shows the experimental step response of theq-axis
current for two different initial synchronous frequencies, 60 and
160 Hz. The better performance of the complex vector current
regulator at both low and high synchronous frequencies can be
seen. The results are very similar to those for theRL load with
the corresponding controllers.

It is also possible to regulate the current in an ac machine
without decoupling the back EMF. The block diagram for this
topology is shown in Fig. 18.

The complex vector root locus and FRF for both classical and
complex vector synchronous frame current regulators without
back-EMF decoupling are shown in Figs. 19 and 20, respec-
tively. Since back-EMF decoupling was not used, a fixed slip
must be used in order to relate the rotor speed!r in (10) and
(11) to the synchronous frequency!e.

Comparing Fig. 20(a) and (b) with the ideal FRF shown in
Fig. 11, it can be seen that the classical synchronous frame PI
controller has inferior dynamics at high synchronous frequen-
cies when compared to the complex vector PI.

The comparative experimental step responses for the clas-
sical synchronous frame PI and the complex vector PI without
back-EMF decoupling are shown in Fig. 21 for a 160-Hz oper-
ating frequency. The results are shown for three different con-
trol zeros. The experimental step responses for all of the tuning
variants show the potential improvement that can be achieved
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Fig. 18. Complex vector block diagram showing the implementation of a
current regulator for a three-phase Induction motor without explicit back-EMF
decoupling, shown in the synchronous reference frame.

(a)

(b)

Fig. 19. Complex vector root locus of a current regulated induction motor at
rated slip (200-Hz bandwidth), shown in the stationary reference frame (fe =

0, 60, and 160 Hz). (a) Classical synchronous frame PI current regulator without
decoupling. (b) Complex vector synchronous frame PI current regulator without
decoupling.

by use of the complex vector design as compared to the clas-
sical design. The low dependency of the complex vector current
regulator with respect to the placement of the regulator zero can
be seen as an evidence of its low parameter sensitivity.

VIII. C ONCLUSION

This paper has attempted to make two contributions: 1) devel-
opment of complex vector methods for current regulator design
and analysis and 2) a comparison of current regulator perfor-
mance using the developed analysis tools.

It was shown that the used complex vector root locus and
FRF’s greatly enable controls design.

From the paper’s theoretical and experimental results several
important conclusions can be reached.

• The performance of the classical synchronous frame PI
current regulator degrades as the synchronous frequency
approaches the current regulator bandwidth.

Fig. 20. Complex vector FRF at rated slip on an induction motor with classical
and complex vector synchronous frame PI current regulator without back-EMF
decoupling (200-Hz bandwidth) forf

e
= 0, 60, and 160 Hz, shown in the

stationary reference frame.

Fig. 21. Experimentalq-axis current step response for a rotor-field-oriented
induction motor with classical and complex vector synchronous frame PI current
regulator (without decoupling), 200-Hz bandwidth, forfe = 160 Hz, shown in
the synchronous reference frame.

• The performance degradation occurs even if the controller
zero is exactly equal to the physical (electrical) time con-
stant. Synchronous frame PI tuning methods other than
pole/zero cancellation exhibit similar degradation as the
synchronous frequency increases since the asymmetric
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complex vector root locus and FRF are intrinsic to its
structure.

• The complex vector synchronous frame PI design imple-
ments a more desirable pole/zero cancellation. Even with
incorrect parameter estimates, it exhibits little dependency
on the synchronous frequency.

• The additional computational requirements of the im-
proved synchronous reference frame current regulators
are minimal.
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