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Abstract 

 

In this paper, a predictive direct power control (DPC) method based on a Kalman filter is presented for three-phase 
pulse-width modulation (PWM) rectifiers to improve the performance of rectifiers with source voltages that are distorted with 
harmonic components. This method can eliminate the most significant harmonic components of the source voltage using a 
Kalman filter algorithm. In the process of predicting the future real and reactive power to select an optimal voltage vector in the 
predictive DPC, the proposed method utilizes source voltages filtered by a Kalman filter, which can mitigate the adverse effects 
of distorted source voltages on control performance. As a result, the quality of the source currents synthesized using the PWM 
rectifier is improved, and the total harmonic distortion (THD) values are reduced, even under distorted source voltages. 
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I. INTRODUCTION 

Diode rectifiers and thyristor rectifiers for AC-to-DC 
conversion can cause problems in power transmission and 
distribution lines due to distorted source currents and voltages. 
In addition, the ripple components in the DC-link voltage in 
diode rectifiers and thyristor rectifiers are also high [1]. With 
the aim of satisfying the IEEE 519 standards and IEC 61000 
regulations for power line quality, three-phase pulse-width 
modulation (PWM) rectifiers can reduce the distortion in 
power lines with sinusoidal input currents. Furthermore, the 
low ripple components of the DC-link voltage, controllable 
power factor, and regeneration capability can be achieved 
using PWM rectifiers [4]-[6]. Control methods for PWM 
rectifiers can be classified into two groups: oriented control 
(OC) and direct power control (DPC). The OC methods use 
current control loops, whereas the DPC methods utilize 
power control loops [7]. The OC methods for PWM rectifiers 
can be categorized based on the control algorithm. They are 
voltage oriented control (VOC) [8]-[10] and virtual flux 

oriented control (VFOC) [9], [11]-[13]. The algorithms based 
on the supply voltage and the virtual flux of the supply 
voltage are regarded as VOC and VFOC, respectively. 
Likewise, the DPC methods can be classified as Voltage 
based Direct Power Control (V-DPC) [14], [15] and Virtual 
Flux based Direct Power Control (VF-DPC) [16]. Hysteresis 
controllers and switching tables have been used to control the 
PWM rectifiers in the conventional oriented control and DPC 
methods [9], [14]. In addition to hysteresis controllers, the 
oriented control and DPC methods based on space vector 
modulation (SVM) have been developed [7], [17], [18]. 
Recently, with the development of fast microprocessors, 
predictive control methods have been presented as simple and 
effective control methods for various power converters 
including PWM rectifiers, which do not need individual 
PWM blocks, and the design of control loops for regulating 
PI gains and obtaining small signal models [19]. The 
predictive direct power control methods for PWM rectifiers 
are based on predicting future real and reactive power 
components to select an optimal voltage vector, which are in 
turn calculated by the source voltages. Therefore, distorted 
source voltages of PWM rectifiers result in deteriorated 
performance of PWM rectifiers, such as increased harmonic 
distortions of the input currents and increased ripples in the 
power components [7], [20]. 
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Fig. 1. Three-phase active rectifier. 
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Fig. 2. Voltage vectors of the PWM rectifier. 

 
With these factors in mind, a predictive direct power control 

method based on a Kalman filter is proposed in this paper for 
three-phase pulsewidth modulation (PWM) rectifiers to 
improve the performance of rectifiers with source voltages 
distorted with harmonic components. This method eliminates 
the most significant harmonic components of source voltage 
on the basis of a Kalman filter algorithm. In the process of 
predicting the future real and reactive power to select an 
optimal voltage vector in the predictive direct power control 
method, the proposed method utilizes source voltages filtered 
by a Kalman filter, which can mitigate the adverse effects of 
distorted source voltages on control performance. As a result, 
the quality of the source currents synthesized by the PWM 
rectifier are improved with a reduced total harmonic 
distortion value (THD), even under distorted source voltages. 
Simulation and experimental results are presented to verify 
the proposed method based on a Kalman filter algorithm. 

 

II. MODEL PREDICTIVE DIRECT POWER CONTROL 
METHOD FOR THREE-PHASE PWM RECTIFIERS 

The predictive direct power control method directly adjusts 
the input active and reactive power by predicting the future 
input powers based on a mathematical model of a three-phase 
PWM rectifier. A three-phase PWM rectifier with six 
switches, connected to a three-phase voltage source through 
the input filter inductances Ls and resistances Rs at its input 
side, is shown in Fig. 1. The upper switches consist of Sa, Sb, 
and Sc while the upper and the lower switches of the active 
rectifier are complementarily operated. For the mathematical 

model of the PWM rectifier, the source voltage vector, input 
current vector, and rectifier input voltage vector are defined 
as: 
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where, vs is the three-phase source voltage vector, is is the 
input current vector, and vREC is the input voltage generated 
by the PWM rectifier. On the basis of (2), these vectors can 

be expressed in the vector forms of the  orthogonal 
coordinates. 






















































c

b

a

β

α

x

x

x

x

x

2

3

2

3
0

2

1

2

1
1

3

2
     (2) 

The PWM rectifier can produce eight voltage vectors, vREC, as 
shown in Fig. 2, including six active and two zero vectors. 
These vectors depend on the switching states of the three 
upper switches, Sa, Sb, and Sc. By selecting the optimal 
voltage vector among the eight voltage vectors at every 
sampling period, the PWM rectifier can regulate the dc-link 
voltage as well as control the active and reactive power, 
leading to sinusoidal input current synthesis. The input 
current dynamics of the PWM rectifier are obtained in the 
continuous-time model as: 

sRECs
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s R
dt

d
L ivv

i
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(3) 

By using an Euler approximation with a sampling period of 
Ts in (3), the input current at the (k + 1)th instant can be 
represented in the discrete-time domain as [19]: 
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At the kth instant, the one-step future input current vector is(k 
+ 1) required in (5) can be calculated with the measured input 
current vector is(k), the measured source voltage vector vs(k) 
and the presently applied PWM rectifier input voltage vector 
vREC(k). A delay compensation scheme is included to alleviate 
the control delay caused by the calculation time in the 
controller. By shifting the input current at the (k + 1)th instant 
in (4) one step forward to employ the delay compensation 
scheme, the future input current at the (k + 2)th instant is 
expressed as [19]: 
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In addition, the future source voltage vs(k + 1) required in (5) 
can be calculated with: 

     j
ss ekk vv 1  .  (6) 

where, the angle variation of the source voltage vector with 

its angular frequency  in one sampling period, θΔ , is equal 

to spTω . Thus, the eight future input current vectors is(k + 2) 

at the (k + 2)th instant can be predicted in accordance with 
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the eight rectifier input voltage vectors, vREC(k + 1) using (5). 
In the predictive DPC method for the PWM rectifier, the 
eight future instantaneous input powers at the (k + 2)th instant 
can be also predicted using the eight input currents predicted 
in (5) as: 
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where, is(k + 2), is(k + 2), vs(k + 2), and vs(k + 2) are the 
predicted future input currents and calculated future source 

voltages at the (k + 2)th instant in the  frame. The future 
source voltage vs(k + 2) at the (k + 2)th instant required in (7) 
and (8) can be calculated by reapplying (6). Among the eight 
possible switching states that produce the eight future 
instantaneous input real and reactive powers at the (k + 2)th 
instant, one optimal switching state corresponding to the 
optimal rectifier input voltage vector, vREC(k + 1), is selected 
to minimize the input power error based on a cost function 
defined as: 

   22 **  kQQkPPg         (9) 

In the predictive DPC algorithm for PWM rectifiers, the 
reference real power P* in (9) can be obtained as the output of 
the PI controller used to regulate the DC-link voltage. On the 
other hand, the reference reactive power Q* is generally set to 
zero to produce sinusoidal input currents that are in phase 
with the source voltage. 
 

III. PROPOSED SOURCE VOLTAGE HARMONIC 
REDUCTION TECHNIQUE FOR THE PREDICTIVE 
DPC METHOD BASED ON A KALMAN FILTER 

Disturbances in the source voltage have adverse effects on 
the input currents as well as the input real and reactive power 
control in the PWM rectifier. As a result, it is desirable to 
eliminate the harmonic components of the source voltage to 
improve the PWM rectifier performance. The proposed 
method develops a source voltage harmonic reduction 
technique in the predictive DPC for PWM rectifiers, using a 
Kalman filter, to prevent the detrimental effects of harmonics 
and noise in the source voltage on the PWM rectifier 
performance. Using the proposed method, the PWM rectifier 
can provide sinusoidal input current synthesis and accurate 
input power control, even under a distorted source voltage 
with harmonic components. A standard Kalman filter 
algorithm can be expressed as [21]: 

)()()()1( kwkBukAxkx   

)()()( knkHxkz     (10) 

where, x is a state vector, u is a control input, A and B are 
constant matrices, w is process noise, z is an output, H is an 
output matrix, n is a measurement noise, and k is a discrete 
time index, respectively. The two noise variables, w and v, 
are assumed to be independent white noises with normal 

distributions with covariance of Q and R, respectively. In this 
paper, the standard Kalman filter algorithm is applied to track 
the fundamental frequency component from the source 
voltage vs, which is distorted with harmonic components and 
noises. The Kalman filter is a kind of state observer which 
tracks the state form measurement output based on stochastic 
information of noise. Therefore, the Kalman filter can be 
used to extract the fundamental harmonic component from vs, 
because the measured source voltage vs contains high-order 
harmonics. In this system, the output variable z can be 
changed with the source voltage vs, and there is no control 
input u for vs. Thus, the discrete time model in (10) can be 
changed to: 
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( ) ( ) ( )sv k Hx k n k                (11) 

The a priori estimate of the state )(kxˆ  and the a priori 

estimate of the error covariance )(kP  under k-th discrete 
time step are calculated as [21]: 
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Then, the Kalman gain K, the state estimate x̂ , and the error 

covariance P are updated at every sampling step to allow for 
the calculation of the state estimate as: 
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Therefore, x̂  in (14) represent an estimate of the real state 

x using the Kalman filter algorithm. In this paper, to apply the 
Kalman filter algorithm to a source voltage with harmonic 
components, the measured source voltage vs with high-order 
harmonics is represented as: 

nyyyyv is  321        (17) 

where, y1 is the fundamental component of the source voltage, 
yi(i = 2,3,…) is the i-th harmonic component contained in the 
source voltage, and n is the measurement noise. Assuming 
that the fundamental frequency of the source voltage is 60 Hz, 
the angular frequency of yi, i, is expressed as 120i. For a 

sinusoidal solution to the second order dynamic equation, 
each i-th component, yi, can be represented as a solution of: 

02  iii yy  .               (18) 

By defining ii yxyx  21 , , the state equation of yi can be 
written as: 
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This implies that two state variables are required to 
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represent each harmonic component. Thus, the measured 
source voltage is represented by the standard continuous 
equation as: 

wxAx C     

nHxvs  .                (20) 

where, x, AC, and H have dimensions of (2m + 2)  1, (2m + 

2)  (2m + 2), and 1  (2m + 2), and the noises w and n have 

dimensions of (2m + 2)  1 and scalar, respectively. In 
addition, m is the number of harmonics contained in the 
source voltage that need to be considered. For example, the 
5th and 7th harmonic components in the source voltage are 
considered, without loss of generality, the measured source 
voltage vs is represented a sum of three components (the 
fundamental, the 5th harmonic, and the 7th harmonic 
components) as: 

nyyyvs  751             (21) 
 

With the definition of 1211 , yxyx  5453 , yxyx  , 

75 yx  , and 76 yx  , an equation considering the 5th and 

7th harmonics in the source voltage can be represented in an 
augmented form as: 
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         (22) 
When only the 5th harmonic component is considered in the 

source voltage, the two states, x5 and x6, caused by the 7th 
harmonics can be removed using (22), which yields AC and H, 

with reduced dimensions to 44 and 14, respectively. Thus, 
AC becomes: 
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To make the system take on a discrete form, the transition 
matrix A with the sampling time Ts is: 

*
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Fig. 3. Block diagram of the proposed method. 
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Then, the voltage system can be represented in discrete form 
as (10). The discrete form with a sampling time of Ts = 
0.00005 [s] can be written as: 
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           (25) 
Thus, based on (11) to (15), the Kalman filter algorithm 

can be utilized to eliminate the harmonic components 
contained in the source voltage at every sampling period. The 
first output component of vs, which corresponds to the state x1, 
represents the pure fundamental component of vs, without the 
5th harmonic component and noises. The filtered source 
voltage with harmonic mitigation using the Kalman filter 
algorithm, vk(k), can be obtained using the measured source 
voltage, vk(k), at each sampling instant. In the proposed 
method, at the kth instant, the filtered source voltage, vk(k), 
instead of the measured source voltage, is(k), is used to avoid 
the adverse effects caused by distortions of the source voltage. 
The input current at the (k + 1)th instant can be calculated 
using the measured input current vector, is(k), the filtered 
source voltage, is(k), and the presently applied active rectifier 
input voltage vector, vREC(k), determined at the (k - 1)th 
instant. Then, the eight future input current vectors and the 
instantaneous input real and reactive powers at the (k + 2)th 
instant are predicted using vk(k) in the same manner used in 
the conventional method. Among the eight possible switching 
states, the one optimal switching state corresponding to an 
optimal rectifier input voltage vector, vREC(k + 1), is then 
selected to minimize the input power error based on a cost 
function. Fig. 3 shows an overall block diagram of the 
proposed method. 
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Fig. 4. Simulation results of the measured and filtered source 
voltages in the case of no harmonic components in the source 
voltage at 120 V and 60 Hz: (a) measured source voltage and (b) 
voltage filtered using the proposed method based on the Kalman 
filter algorithm. 

 

IV. SIMULATION AND EXPERIMENT RESULTS 

The proposed method, based on a Kalman filter algorithm to 
eliminate the harmonic components of source voltage, was 
simulated under the conditions of a peak value of the source 
voltage vs= 120 V, Rs = 0.8 Ω, Ls = 16 mH, C = 1100 μF, 

Vdc
＊= 260 V, Rload = 100 Ω, Ts = 50 μs. Fig. 4 shows 

simulated waveforms of the measured source voltage and the 
resultant source voltage obtained by the Kalman filter 
algorithm for the a-phase source voltage in the case of a 
source voltage with no harmonic contamination. The 
measured a-phase source voltage vsa, is shown in Fig. 4(a). 
The voltage filtered by the Kalman filter vka, is shown in Fig. 
4 (b). In the case with no harmonic components of the source 
voltage, the source voltage filtered using the proposed 
method based on a Kalman filter is very similar to the 
measured source voltage. The average error between the 
measured source voltage, vsa, and the filtered voltage, vka, 
with 10,000 consecutive samples is defined as the average 
error between vsa and vka with 10,000 sampled data points: 

= 
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In Fig. 4, the average error was 0.0566 V. 
Fig. 5 illustrates simulation waveforms of the measured 

source voltage and the voltage filtered by the proposed 
method based on a Kalman filter in the case of an a-phase 
source voltage that contains the 5th harmonic component at 
30% of the fundamental component. Fig. 5(b) shows that the  

(60V/div, 4ms/div)
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Fig. 5. Simulation results of the measured and filtered source 
voltages in the case that the a-phase source voltage contains the 
5th harmonic component at 30% of the fundamental component: 
(a) measured source voltage and (b) voltage filtered using the 
proposed method based on the Kalman filter algorithm 

 
proposed method can filter out the 5th harmonic component 
of the source voltage. Using the filtered source voltage with 
the reduced harmonic components of the distorted source 
voltage, the proposed method shows improved performance 
in the predictive DPC method in terms of the total harmonic 
distortion (THD) of the input currents and the power error 
between the actual power and the power reference, when 
compared to the case without the Kalman filter. 
 

For a distorted source voltage, as shown in Fig. 5(a), 
simulation waveforms obtained using the proposed predictive 
DPC method based on a Kalman filter are shown in Fig. 6. 
For comparison, the simulation results obtained without the 
Kalman filter are included in Fig. 6(a). This figure shows that 
the input current is distorted for the distorted source voltage 
without the Kalman filter. On the other hand, the proposed 
method based on a Kalman filter can lead to an improved 
input current waveform because of the filtering effect of the 
Kalman filter, as shown in Fig. 6(b) when compared with Fig. 
6(a). The dynamic performance of the proposed method with 
a source voltage disturbance is shown in Fig. 7, with a 
step-change in the real power reference from 600 W to 1000 
W and with the reactive power set to zero. As shown in Fig. 7, 
a fast dynamic response and no coupling between the real and 
reactive power components are obtained using the proposed 
method. The input current waveform from the proposed 
method is sinusoidal and has a low THD in the transient 
condition with a distorted source voltage, as shown in Fig. 
7(b) [unlike the input current waveform obtained without a 
Kalman filter in Fig. 7(a)]. In addition, simulation results  
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Fig. 6. Simulation results of the three-phase source voltages, the 
a-phase input current, the actual and the reference values of the 
real and reactive power in the case in which the a-phase source 
voltage contains the 5th harmonic component at 30% of the 
fundamental component with P* = 1000 W, Q* = 0, and Ts = 50 
s: (a) without the Kalman filter and (b) the proposed method 
based on the Kalman filter algorithm. 
 
with a step-change of the reactive power reference from -200 
var to 200 var, and results for a real power fixed at 600 W are 
shown in Fig. 8. Fig. 8(a) shows that a distorted input current 
waveform without a Kalman filter results from the distorted 
source voltage. As in the step-change in the real power 
reference, the proposed method leads to no coupling between 
the real and reactive power components and a fast dynamic 
response depending on a step-change of the reactive power 
reference with a distorted source voltage, as shown in the Fig. 
8(b). Furthermore, the proposed method synthesizes a 
sinusoidal input current, despite the distorted source voltage 
waveform, whereas the phase difference between the source  

(4ms/div)

(200var/div)

(200W/div)

P*

Q*

P

Q

1000WP*= 600W
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Fig. 7. Simulation results with the step-change of the real power 
reference from 600 W to 1000 W in the case of the a-phase 
source voltage disturbance: (a) without the Kalman filter and (b) 
the proposed method. 

 
voltage and the input currents changes depending on the 
change of the reactive power reference. 
The proposed method utilizing the Kalman filter algorithm 

was tested with a prototype PWM rectifier setup. The setup 
consisted of a PWM rectifier with an IGBT module, a 16-mH 
input filter inductance, a 0.8Ω input resistance, and a 
1100-μF DC-link capacitor. The peak value of the source 
voltage, the DC-link voltage reference, and the load 
resistance were set to 120 V, 260 V, and 100Ω, respectively. 
The proposed predictive DPC method based on a Kalman 
filter was implemented on a DSP board (TMS320F28335) 
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Fig. 8. Simulation results with the step-change of the reactive 
power reference from -200 var to 200 var in the case of a-phase 
source voltage disturbance: (a) without the Kalman filter and (b) 
the proposed method. 
 
with Ts = 50 μs to generate sinusoidal input currents with a 
unity power factor. When the a-phase source voltage contains 
the 5th harmonic component that is 30% of the fundamental 
component, the experimental waveforms obtained by the 
proposed predictive direct power control method based on a 
Kalman filter are shown in Fig. 9 along with comparative 
experimental results obtained without a Kalman filter. It is 
seen that the input current is distorted with the distorted  
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(200var/div)

(200W/div)P*

Q*

P

Q
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(b) 
 

Fig. 9. Experimental results of the three-phase source voltages, 
the a-phase input current, the actual and the reference values of 
the real and reactive power in case that the a-phase source 
voltage contains the 5th harmonic component by 30% of the 
fundamental component (a) without the Kalman filter (b) 
proposed method based on the Kalman filter algorithm. 

 
source voltage without a Kalman filter in Fig. 9 (a). On the 
other hand, the proposed method based on a Kalman filter 
can lead to an improved input current waveform due to the 
filtering effect of the Kalman filter as shown in Fig. 9 (b) 
when compared with Fig. 9 (a). The frequency spectra of the 
a-phase input currents are shown in Fig. 10. It can be 
observed that the total harmonic value of the proposed 
method is much lower than that of the conventional method 
under source voltage disturbances. 
 

Experimental results for the dynamic performance of the 
proposed method with a source voltage disturbance are 
shown in Fig. 11, with a step-change in the real power 
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Fig. 10. Frequency spectrum and THD value of the a-phase input current (isa) (a) without the Kalman filter (b) proposed method based 
on the Kalman filter algorithm. 
 

 

 (a) 
 

 

 

(b) 

Fig. 11. Experimental results with the step-change of the real power reference from 600 W to 1000 W in the case of a-phase source 
voltage disturbance (a) without the Kalman filter and (b) the proposed method. 
 

 

 (a) 

 

 (b) 
Fig. 12. Experimental results with the step-change of the reactive power reference from -200 var to 200 var in the case of a-phase source 
voltage disturbance (a) without the Kalman filter and (b) the proposed method. 
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reference from 600 W to 1000 W and with the reactive power 
set to zero. As shown in the Fig. 11, a fast dynamic response 
and no coupling between the real and reactive power 
components are obtained by the proposed method. The input 
current waveform from the proposed method is a sinusoidal 
waveform with a low THD value in the transient condition 
with a distorted source voltage as shown in Fig. 11 (b). This 
is very different from the input current waveform obtained 
without a Kalman filter in Fig. 11 (a). In addition, simulation 
results with a step-change in the reactive power reference 
from -200 var to 200 var, while the real power is fixed to 600 
W, are shown in the Fig. 12. It can be seen from Fig. 12 (a) 
that the distorted input current waveform without a Kalman 
filter results from a distorted source voltage. Like the 
step-change in the real power reference, the proposed method 
leads to no coupling between the real and reactive power 
components and a fast dynamic response according to the 
step-change of the reactive power reference with the distorted 
source voltage as shown in the Fig. 12 (b). Furthermore, the 
proposed method synthesizes a sinusoidal input current 
despite the distorted source voltage waveform, while the 
phase difference between the source voltage and the input 
currents changes depending on the change of the reactive 
power reference. 

 

V. CONCLUSIONS 
 

A predictive direct power control method based on a 
Kalman filter is presented for three-phase pulse width 
modulation (PWM) rectifiers to improve the performance of 
rectifiers with source voltages distorted with harmonic 
components. This method can eliminate the harmonic 
components of source voltage on the basis of the Kalman 
filter algorithm. In the process of predicting the future real 
and reactive power to select an optimal voltage vector in the 
predictive direct power control method, the proposed method 
utilizes source voltages filtered by a Kalman filter, which can 
mitigate the adverse effects of distorted source voltages on 
the control performance. As a result, the quality of the source 
currents synthesized by PWM rectifiers are improved with a 
reduced total harmonic distortion value (THD), even under 
distorted source voltages. 
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