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Abstract - Active rectifiers using PWM voltage-source
converters (VSCs) are popular choices for adjustable-speed
drives to provide high input power quality. However, input
current harmonics are often generated as a result of input
voltage source disturbances. Since the frequencies of the
5th-, 7th-, and higher-order harmonics can easily exceed the
current controller bandwidth in high-power applications,
the elimination of these harmonic disturbances imposes
difficult control challenges. Cost-effective observer-based
harmonic estimation and mitigation methods are introduced
in this paper that compensate delay effects caused by the
digital signal processing. Such delays can significantly limit
the current controller bandwidth if not compensated.
Analytical, simulation, and experimental results are
developed to illustrate the effectiveness of the new harmonic
estimation and control techniques.

I. INTRODUCTION
Three-phase active rectifiers, also known as PWM
voltage-source converters (VSCs), or active front end
(AFE) rectifiers, are widely used in industrial and
commercial applications [1-3]. They represent a versatile
solution for bidirectional power flow that is needed in
applications such as cranes, elevators, centrifuges, and
wind turbines. With the introduction of recent standards
on limiting harmonic pollution of electrical power
distribution systems, active rectifiers are being adopted
more frequently in high-power electronic equipment to
provide the interface to utility power lines. In addition,
they are employed to minimize input voltage unbalances
[4-6] and reduce dc link capacitance values [7-8]. This
same power converter configuration is often chosen for
use in active filters [9].
Common nonlinear loads can produce a large amount
of harmonic current and cause the source voltages to be
distorted [10-11]. The effects of harmonics can be
overheating of transformers, cables, motors, generators
and capacitors connected to the same power systems with
the equipment generating the harmonics.
Passive, active, and hybrid filters are three methods to
reduce harmonics in an industrial plant [9, 12]. Selective
harmonic voltage compensation methods are described in
[13, 14] for a power conditioner and dynamic voltage
restorer (DVR). The disadvantage is that these harmonic
elimination solutions require additional hardware and
sensors at a higher cost. Very little has been published to
date [15] regarding the use of active rectifiers to provide
this harmonic compensation function.
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In this paper, new cost-effective and computationallyefficient observer-based harmonic estimation and
mitigation methods are introduced that provide attractive
harmonic compensation capabilities for active rectifiers,
making it unnecessary to introduce series or shunt passive
or active filters to attenuate the harmonics. These new
control techniques include compensation for delay effects
caused by the digital signal processing that can
significantly limit the current controller bandwidth if not
compensated.
Since the frequencies of the 5th-, 7th-, and higher-order
harmonics can easily exceed the current controller
bandwidth, particularly in high power applications, the
elimination of these harmonic disturbances imposes
difficult control challenges. Analytical, simulation, and
experimental results are developed to illustrate the
effectiveness of the new harmonic estimation and control
techniques. Experimental verification is accomplished
using the dSpace controller on a 15hp adjustable-speed
drive system.
II. SYSTEM DESCRIPTION AND ANALYTICAL MODEL
A modern four-quadrant adjustable-speed drive or
uninterruptible power system equipped with an active
rectifier is illustrated in Figure 1. The three-phase ac
source is fed to a three-phase IGBT voltage-source
converter. The input source and line impedance in phase
a is Lsa, La and Ra, and it is assumed that the line
impedances are equal in all three phases. The input EMI
and harmonic filter is used to meet IEEE 519 and IEC
61000 standards.
The dc link voltage is smoothed by means of a dc link
capacitor bank. The PWM output inverter consists of six
IGBT switches (SWi1-SWi6) and anti-parallel diodes that
synthesize ac voltage waveforms for motor or non-motor
loads. The LC network (Lf, Cf) is used to filter the
inverter switching ripple. It is also assumed that the
output filter and loads are balanced. The input phase
currents are measured for control purposes.
One important contribution of this paper is to
accomplish the harmonic disturbance estimation and
rejection in high-power systems with slower switching
frequencies such as 5 kHz and limited current controller
bandwidth. For instance, the frequencies of the 5th and
7th line harmonics that fall at 300 Hz and 420 Hz (for 60
Hz line frequency) can be comparable to the current

idc

iL

icap
PWM3

PWM1

ea
eb
r

ec

Lsa

Lsb

Lsc

ia
ib

La

Ra

ia

Lb

Rb

ib

Lc

Rc

ic

PWM5

SWi1
2C

var
vbr
vcr

SWi5

van
vdc

n

SWi3

vbn
vcn

2C

ian

Lf

ibn

Lf

icn

Lf

Motor
or NonMotor
Load

Cf

Cf

ic

Cf

Measure: ia , ib , ic , vdc

PWM4

PWM6

PWM2

SWi4

SWi6

SWi2

Figure 1. Four-quadrant ASD or UPS with active front-end (AFE) voltage source converter (VSC).

controller bandwidth of high-power converters, making
harmonic elimination very challenging. The control
algorithms are designed to overcome the detrimental
impact of digital processing delay effects.
In this paper, an existing active rectifier model [16] is
extended for control purposes by applying a different
coordinate system to the power circuit in Figure 1,
assuming a balanced three-phase system without a neutral
connection. The three-phase quantities are transformed
to d-q quantities in a rotating reference frame that is
synchronous with the utility voltage. Eqs. (1-3) are the
key circuit equations for the active rectifier using
variables in the synchronous reference frame (designed
by the e superscript). The inputs are the utility voltages
(ede, eqe ) and the IGBT duty cycles (d de, d qe), and the
output is the dc link voltage (vdc). The active rectifier
voltage and current regulator implementations are based
on this coordinate system and mathematical model.
di de
L • dt + i de • R = ede - d de • vdc + ω • L • i qe
di qe
L • dt + i qe • R = eqe - d qe • vdc - ω • L • i de
dvdc 3
C dt = 2 (i de • d de + i qe • d qe) - i dc

(1)
(2)
(3)

III. OBSERVER MODEL FORMULATION AND ANALYSIS OF
SOURCE HARMONIC DISTURBANCES
A. Discrete Time Domain Observer Formulation
A module designed to estimate the state of a system
from measurements of the outputs is called a state
observer or simply an observer for that system. If the
observer operates in an open-loop fashion without
utilizing any actual measurements of the systems output,
errors are likely to exist between the actual state values
and their observed values. For improved performance, the
difference between the measured output and the observed
output is fed back to the observer to continuously correct
the model and minimize the state variable divergence.
Figure 2 provides a block diagram representation of a
closed-loop observer in the discrete z-domain. It is
important to realize that the command input is applied in
an identical way to both the plant and the observer
equations.
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Figure 2. Block diagram of closed-loop observer system in discrete
z-domain.

The system state space equations are expressed in the
discrete z-domain [17] as follows:
X(k + 1) = Φ • X(k) + Γ • u(k)

(4)

Y(k) = H • X(k) + J • u(k)

(5)

X^ (k + 1) = Φ • X^ (k) + Γ • u(k)

(6)

X^ (k + 1) =
(Φ - Lp • H ) • X^ (k) + Γ • u (k) + Lp • Y(k)

(7)

Where φ , Г, and H are the state-space matrices, X(k) is
the state variable vector, u(k) is the input variable vector,
and Y(k) is the output variable vector in the discrete z^
domain. X (k) represents the vector of observed state
variables, and Lp is the observer gain matrix.
This observer formulation is referred to as a prediction
estimator [17] since a measurement at time k results in an
estimate of the state vector at time k + 1, which means the
observed values are predicted one step ahead.
The dynamics of this system are determined by the
characteristic matrix [Φ - Lp• H]. The goal is to place the
observer poles such that this characteristic matrix
represents an asymptotically stable system in which the
observed state variables X^(k) will converge toward the
actual values X(k) regardless of their initial values X^(0).

B. Sinusoidal Disturbance Formulation
Consider a sinusoidal disturbance represented as:
x = A⋅ sin(ωt)
st

The 1 and 2
are:

nd

(8)

derivatives of this sinusoidal function

x⋅ = A⋅ ω⋅ cos(ωt)

(9)

ẍ = - A⋅ ω2 ⋅ sin(ωt) = - ω2⋅ x

(10)

Thus, the sinusoidal disturbance can be modeled in a
state-space form as:

⎡ x⋅ ⎤
⎡ x ⎤
⎢ ⎥ = Fd ⋅ ⎢ ⋅ ⎥
⎣ x ⎦
⎣ ẍ ⎦

(11)

Where

⎡ 0 1⎤
⎥
⎣ -ω2 0 ⎦

Fd = ⎢

(12)

In this investigation, the angular frequency of the
sinusoidal disturbance can be at the fundamental, 5th, or
7th harmonic frequencies, etc. These disturbance terms
will be added to the state-space formulations for forming
the augmented system that is used for the observer
development.
C. System Observer Model Formulation and Analysis
In place of using the actual state feedback for control,
the state-space observer formulation is developed to
apply the observed state vector for control purposes. It is
important to structure the system such that the input u
that is applied to the plant must also be applied to the
observer as shown in Figure 2. Figure 3 shows the
observer and plant system diagram including the
disturbance w. The estimated disturbance is expressed as
^.
w
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w
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Figure 3. System block diagram including the disturbance w and
closed-loop disturbance observer.

The disturbance w can cause the physical system to
produce undesirable results such as harmonic distortion
in the electrical distribution system. In order to minimize
the effects of the disturbance w, the estimated disturbance
will be used to compensate and cancel the actual
disturbance. By driving the plant model in the observer
with the same inputs that are applied to the actual plant,
the estimation errors can be minimized.
Referring to Figure 3, the input signal delivered to the
plant and observer is expressed as:
u = - K• (x^ - xr)

(13)

Combining (4) – (7) and (13), one obtains the
augmented state space matrices in (14) including both the
physical system and observer state space variables.
- Г• K
⎤
⎡ Φ
⎡ x ⎤
⎢
=
^
⎣ x ⎦ k+1 ⎣ Lp • H Φ - Г• K - Lp • H⎥⎦•
Г• K ⎤
⎡ Г ⎤
⎡ x ⎤ + ⎡⎢
⎥
⎥• w
• xr+ ⎢
^
⎣ x ⎦ k ⎣ Г• K ⎦
⎣ 0 ⎦ k

(14)

In the synchronous reference frame, the 5th and 7th
harmonics become 6th order, so that the vector of the
system state variables in this rotating reference frame is:
T
(15)
x = [ id iq ed1 eq1 ed6 ėd6 eq6 ėq6 ]
Where
id: d-axis phase input current
iq: q-axis phase input current
ed1: source phase fundamental d-axis voltage
eq1: source phase fundamental q-axis voltage
ed6: source phase d-axis voltage due to the 5th and 7th
harmonic voltages
eq6: source phase q-axis voltage due to the 5th and 7th
harmonic voltages
The error in the observer estimation is defined as:

∼
X = X - X^

(16)

Substituting (4), (5) and (6) into (16), it can be
determined that the dynamics of the resulting system are
described by the observer error equation:
∼
∼
X (k + 1) = Φ • X (k)

(17)

Using the approach outlined in this paper, a
disturbance observer has been developed [19] for a threephase 15 hp, 480 V voltage-source converter (VSC) with
line impedance parameter values of R = 0.3 Ω and L = 5
mH (see (1) to (3)). The IGBT-based VSC switching
frequency is assumed to be 5 kHz. The sampling rate for
the discrete z-domain implementation has been set at 5
kHz, the same as the switching frequency.
Applying the observer formulations and gains
calculated for this demonstration system [19], the
observer results can be plotted to evaluate how well the
^
observed variables X track their actual values X. Figure 4
shows that the predicted observer errors for the input
currents exhibit very well-behaved decaying responses. It
can be shown that all of the other observed state variables
are predicted to track their corresponding actual values
with similar dynamics.
Figure 5 shows the pole-zero map of the system
including the harmonics disturbance observer. The 5th and
7th harmonic poles in the open-loop system are located on
the unit circle of the z-domain, suggesting poor dynamic
response. In the closed-loop system, the poles are moved
inside the unit circle, reflecting the improved dynamic
performance
associated
with
the
closed-loop
configuration.
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Figure 4. Predicted observer errors for the fundamental dq input
currents (5 kHz sampling) in the synchronous reference frame.

Figure 5. Controller pole-zero diagram in complex z-plane including
the 5th and 7th harmonics observers (5 kHz sampling).

D. Observer Integration into Converter Controller
Figure 6 shows the observer-based controller block
diagram for harmonics compensation in the synchronous
reference frame. The output of the estimator block is the
observed disturbance which is used to minimize the input
current harmonics. The outer dc link voltage regulator
produces the d-axis current reference signal for the inner
current loop regulator, described in more detail in the
next section. The input command vector u is fed to both
the observer and to the plant itself.
The input disturbance includes 5th and 7th harmonic
voltages that cause the physical system to produce
undesirable input current harmonic distortions in the
electrical distribution system. In order to cancel the
effects of these disturbances, another summing junction is

added as illustrated in Figure 6 so that the estimated
disturbance vector ^vdq from the observer model is added
as an input to the plant. If the estimated disturbance ^v
dq

asymptotically converges to the actual disturbance vdq
after the initial transients settle out, then ^v = v such
dq

IV. DIGITAL CONTROLLER IMPLEMENTATION AND
SIMULATION RESULTS
The active rectifier feedback control topology is
implemented with an outer dc link voltage regulator
which forms the d-axis current command to regulate the
real power flow from the utility. The q-axis current
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command is used to control the input power factor. The
combined dq current commands are the inputs to the
inner-loop current regulators, as indicated in Figure 6.
In addition, the dc link current is introduced as a
feedforward term to the d-axis current command for
improving the dynamic performance.
The controller has been designed using the
Symmetrical Optimum (SO) technique [16], including
the digital and process delay effects. The inner current
controller block diagram is depicted in Figure 7. The
individual transfer functions for the blocks in this figure
are presented in (18-20). In the vicinity of the crossover
frequency, the term jωT1 >> 1 so that the plant transfer
function can be approximated as shown in (20).
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(21)

The maximum phase is expressed as:

ϕ0 max = arc tan

Phase (Degrees)

-50

T1: time constant of the input inductor (L/R)
T2: computational and processing delay of 200 μs
Kpi = Kr: proportional gain of the PI regulator
Tr: time constant of the PI regulator
The frequency response locus is a semi-circle in the
first quadrant [18] with a maximum phase at:

(23)

With a = 1.7, T2 = 200 μs, R = 0.3 Ω, L = 5 mH, the
frequency characteristics of the system including the
delay are plotted in Figure 8. The current controller
bandwidth and phase margin are 460 Hz and 30º,
respectively.

Similarly, the dc link voltage control loop is modeled
in Figure 9. The coefficients associated with the blocks in
the dc link controller block diagram are summarized as:
Kpv: proportional gain of the PI regulator
Kiv: integral gain of the PI regulator
τ: time constant of the inner current controller loop
Td: computational and process delay time
C: dc link capacitance value
Ro: dc link load resistance value
A pole-zero cancellation technique has been used to set
the gains of the PI voltage regulator block. The resulting
Bode diagram for the voltage regulator is shown in
Figure 10. The dc link voltage controller bandwidth and
phase margin are 40 Hz and 80º, respectively.
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A complete time-domain simulation with the proposed
observer-based harmonic compensation has been
conducted. A co-simulation platform that consists of
PSIM for the power electronics circuits interfaced with
Matlab/Simulink for the controller has been used for this
analysis. The system parameters include: vdc = 500 V, La
= 5 mH, Ra = 0.3 Ω, switching frequency fs = 5 kHz.
The inverter in Figure 1 has been replaced in this
simulation by a simpler equivalent resistive load RL = 54
Ω.

Figure 14. View of experimental verification test equipment.

The input voltage disturbance for this simulation
contains 5th and 7th harmonics with a total harmonic
distortion (THD) of 12.3%. The resulting simulated input
current waveforms shown in Figures 11 and 12 exhibit an
impressive reduction of the harmonic content from 31.3%
to 1.2% THD as a result of the observer-based
compensation.
Figure 13 provides more insight into the operation of
the observer by showing the simulated observed input
voltage waveform compared to the “actual” input line
voltage for the simulation. The observed voltage leads
the actual voltage in order to compensate for the
computational and process delay.
These simulation results indicate that the observerbased controller shows promise for almost completely
eliminating the input current distortion caused by the
input voltage disturbance and the digital delay.
V. EXPERIMENTAL VERIFICATION
The results from the analytical and simulation models
presented in the previous sections have been verified
experimentally using a laboratory testbed that includes a
Semikron SKiiP 642GB 120 2D system (Figure 15). The
test configuration includes a three-phase programmable
power source which can be configured to produce various
input power disturbances; a delta-wye step-up isolation
transformer from 208V to 480V; an active front-end
IGBT-based rectifier; a FPGA (Field Programmable Gate
Array) interface board that includes current and voltage
analog signal conditioning and fault protection circuitry;
a dc load bank (54Ω); and a dSpace DS1103 rapid
prototyping system. Figure 14 shows the actual lab
setup.
The total input voltage THD was recorded as 12.3%
with 10% 5th harmonic and 7% 7th harmonic components
Figure 16 shows the measured input currents and dc link
voltage (green trace) before and after applying the
observer harmonics compensation, demonstrating the
major reduction in harmonic content achieved with the
controller.
Table I provides a comparison of the simulation and
experimental current THD results that demonstrate very
good agreement. The results illustrate the effectiveness
of the observer-based harmonics compensation methods,
even when severe input voltage distortions exist.
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Figure 16. Experimental dc link voltage and input currents before and
after compensation.

TABLE I. SIMULATION AND EXPERIMENTAL INPUT CURRENT
THD COMPARISONS
Conditions
Without observers

Simulation THD
31.27%

Experimental THD
33.95%

With observers

1.15%

1.0%

VI. CONCLUSIONS
In this paper, new cost-effective sinusoidal disturbance
estimation and harmonics elimination techniques are
demonstrated to be very effective for high-power active
front-end converters with slower PWM switching
frequencies (e.g., 5 kHz) and limited current controller
bandwidth. Since the active rectifier is in series with the
source and the load, there is no need to add additional
hardware for harmonic elimination. The new methods
play two key roles: (a) the observed sinusoidal
disturbances are used to cancel the actual disturbance
effects; and (b) the observers make it possible to
compensate the disturbance effects contributed by
computational and digital processing delays.
In addition to the observer formulation and analysis,
the inner current loop regulator and outer dc link voltage
regulator designs have been analyzed including the
effects of digital delays. A combination of simulation and
experimental tests has demonstrated the effectiveness of
the observer-based control scheme for suppressing the 5th
and 7th harmonics in the line currents. If higher PWM
switching frequencies are achievable in the front-end
converter, the same algorithm can be readily extended to
compensate the 11th and 13th harmonic components as
well.
ACKNOWLEDGMENT
The authors would like to thank Dr. Jun Kikuchi for his
contributions to completing the experimental work.

[1] ANSI standard publication, "Electric power systems and
equipment – voltage ratings (60 Hertz)", ANSI Standard
Publication no. ANSI C84.1-1989/1995/2001.
[2] M. P. Kazmierkowski and L. Malesani, "Current control techniques for three-phase voltage-source PWM converters: a survey,"
IEEE Trans. on Ind. Elec., vol. 45, pp. 691-703, Oct. 1998.
[3] M. Liserre, "Innovative control techniques of power converters for
industrial automation," Ph.D. Thesis, Politecnico di Bari, 2001.
[4] P. N. Enjeti and S. A. Choudhury, "A new control strategy to
improve the performance of a PWM ac to dc converter under
unbalanced operating conditions," IEEE Trans. on Power
Electronics, vol. 8, no. 4, pp. 493-500, 1993.
[5] A. V. Stankovic and T. A. Lipo, "A novel control method for input
output harmonic elimination of the PWM boost type rectifier
under unbalanced operating conditions," IEEE Trans. on Power
Electronics, vol. 16, no. 5, pp. 603-611, 2001.
[6] Y. S. Suh, V. Tijeras, and T. A. Lipo, "A nonlinear control of the
instantaneous power in dq synchronous frame for PWM ac/dc
converter under generalized unbalanced operating conditions," in
Rec. of IEEE Ind. Appl. Soc. Annual Meeting, 2002.
[7] J.S. Kim and S.K. Sul, “New control scheme for ac-dc-ac
converter without dc link electrolytic capacitor,” in Proc. of the
2003 IEEE Power Elec. Spec. Conf., pp. 300-306, 1993.
[8] L. Malesani, L. Rossetto, P. Tenti and P. Tomasin, “ac/dc/ac PWM
converter with reduced energy storage in the dc link,” IEEE Trans.
on Industry Applications, vol. 31, no. 2, pp. 287-292, 1995.
[9] H. Akagi, “Active harmonic filters,” Proceedings of the IEEE, vol.
93, issue 12, pp. 2128-2141, Dec. 2005.
[10] K. Oku, O. Nakamura, and K. Uemura, “Measurement and
analysis of harmonics in power distribution systems, and
development of a harmonic suppression method,” in Japanese IEE
Japan Trans., vol. 114-B, no. 3, pp. 234–241, 1994.
[11] “Investigation into execution of harmonic guidelines for household
and office electric applications,” in Japanese IEE of Japan SC77A
Domestic Committee Report, pp. 7–9, 2002.
[12] S. Bhattacharya, "High power active filter systems," Ph. D. Thesis,
University of Wisconsin - Madison, 2003.
[13] M. J. Newman, D. G. Holmes, J. G. Nielsen, and F. Blaabjerg, "A
dynamic voltage restorer (DVR) with selective harmonic
compensation at medium voltage level," IEEE Trans. on Industry
Applications, vol. 41, no. 6, pp. 1744-1753, Nov./Dec. 2005.
[14] A. Sannino, and J. Svensson, "Static series compensator for
voltage sag mitigation supplying non-linear loads," in Proc. of
IEEE Power Eng. Soc. (PES) Conf., New York, pp. 1147-52,
2002.
[15] V. Blasko, “A novel method for selective harmonic elimination in
power electronic equipment,” IEEE Trans. on Power Electronics,
vol. 22, no. 1, pp. 223-228, January, 2007.
[16] V. Blasko and V. Kaura, "A new mathematical model and control
of a three-phase ac-dc voltage source converter," IEEE Trans. on
Power Electronics, vol. 12, no. 1, pp. 116-123, 1997.
[17] G. F. Franklin, J. D. Powell, and M. L. Workman, "Digital control
of dynamic systems," (book), Addison Wesley, 1998.
[18] W. Leonhard, “Introduction to Control Engineering and Linear
Control Systems,” (book), New Delhi: Allied, 1976.
[19] K. Lee, “Power Quality Analysis and New Harmonic and
Unbalance Control of Modern Adjustable Speed Drives and
Uninterruptible Power Systems Under Non-Ideal Operating
Conditions”, Ph.D. Thesis, UW-Madison, 2008.

