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Abstract—This paper proposed an online optimizing duty cycle
control approach for three-phase active-front-end rectifiers, aim-
ing to obtain the optimal control actions under different operating
conditions. Similar to finite-control set model predictive control
strategy, a cost function previously constructed based on the de-
sired control performance is adopted here, which is essential for
the solving process of the optimizing problem. On the other hand,
differently, with respect to the proposed strategy, duty cycle signals
are optimized, instead of possible switching states. The determina-
tion of optimal duty cycles is made by predicting the effect of duty
cycles on instantaneous current variations and minimizing the cost
function. Due to the adoption of behavior prediction, the proposed
controller inherits the excellent dynamic characteristics of predic-
tive controllers. Moreover, the application of optimal duty cycles
determined by cost function minimization automatically ensures
optimum operations of converters within each sampling period.
Improved transient and steady-state features of the proposed strat-
egy are confirmed by experimental validations and in-depth com-
parisons with linear controllers, deadbeat predictive controllers,
and finite-control set model predictive control strategies.

Index Terms—Predictive control, cost function minimization,
three-phase active-front-end rectifier.

I. INTRODUCTION

A S one of the most popular converter topologies used in
industrial applications, three-phase active-front-end recti-

fiers have been in continuous development recently. Main fea-
tures of three-phase active-front-end rectifiers include bidirec-
tional power flow, nearly sinusoidal input currents, unity power
factor, and flexible regulation of dc-link voltage. The control
of three-phase active-front-end rectifiers has been an active re-
search topic in the area of power conversion.

With the aim of flexible regulation of powers and currents,
different kinds of control techniques have been developed. Lin-
ear control methods, like PI controllers implemented together
with pulse width modulation (PWM), are most widely used.
For the design of these controllers, the converters are normally
modeled as a linear system, and a transfer function of con-
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verters should be obtained, based on which control parameters
are tuned accordingly. Excellent steady-state performances can
be observed when this type of controllers is adopted. Besides,
a fixed switching frequency can also be expected due to the
adoption of modulation stage. However, due to the bandwidth
limitation of PI regulators, significant errors normally appear
during the tracking process of the high-order components in the
current reference. For the current control of three-phase active-
front-end rectifiers, this item reflects in unsatisfactory dynamic
transient responses. In other words, high dynamic transient re-
sponses cannot be ensured in this case, which is quite important
for the inner loop current control of converters.

During the past several years, different control techniques
have also been proposed, with the aim of improving system
performances. Model predictive control emerges as a useful
tool for the control of power conversion with great potential
[1]–[3]. One typical application form of model predictive con-
trol is deadbeat predictive (DBP) control, which has been widely
used in different applications. This type of controllers attempts
to eliminate the control error within one switching period. In
other words, DBP controller adjusts the current so that it tracks
its reference value at the end of the next switching period [4].
The application process of DBP controllers includes two sep-
arate steps. First, the required output voltage to be produced
by the converters is calculated based on the current error and
model information. Second, switching signals are then obtained
on the basis of modulation [5]. Belonging to the family of model
predictive control strategies, DBP controllers possess theoreti-
cally a high bandwidth, and therefore, highly dynamic transient
behaviors can be successfully achieved [6]. However, as men-
tioned previously, the required output voltage of the converter
is directly determined based on current errors and model infor-
mation, without the modulation process and switching actions
taken into account. During the experimental studies, it is found
that this might result in unsatisfactory reference-tracking per-
formances under certain situations, which can be clearly seen in
the experimental results shown in the following sections.

As one of the most popular predictive controllers widely used
recently, finite-control set model predictive control (FCS-MPC)
is now experiencing an explosive evolution [7], [8]. Different
from DBP controllers, FCS-MPC regards the current control
problem of converters as an online optimization process, which
takes discrete switching actions, reference tracking, and control
constraints into consideration. Within each sampling period,
converter behaviors are predicted for all the finite-switching
states on the basis of system model information, converter pa-
rameters and measurements. A predefined cost function depen-
dent on the desired behaviors is evaluated for each prediction.
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Fig. 1. Typical structure of a three-phase active-front-end rectifier.

The switching state which results in the minimum cost function
is selected and finally applied [9]–[12]. The major advantage
of this control strategy lies in its online optimization character-
istics. The optimal control action for the next sampling period
can be easily obtained based on cost function minimization
[13]–[19]. However, there are some practical challenges for
finite-control set model predictive controllers to be tackled, in-
cluding the model parameter dependence [20]–[22], steady-state
performances [23]–[25], and the variable switching frequency
[26]–[28].

This paper seeks to propose an online optimizing control
strategy for three-phase active-front-end rectifiers, aiming to
obtain the optimal control actions under different operating con-
ditions. Similar to FCS-MPC, a cost function previously con-
structed based on the desired control performance is adopted
here, which is essential for the solving process of the optimiz-
ing problem. However, differently, with respect to the proposed
strategy, duty cycle signals are to be optimized, instead of pos-
sible switching states. The determination of optimal duty cycles
is made by predicting the effect of duty cycles on instantaneous
current variations and minimizing the cost function. Therefore,
the application of optimal duty cycles automatically ensures
optimum operations of converters within each sampling pe-
riod. This paper is organized as follows. The operating principle
of the proposed strategy is presented in Section II, as well as
the instantaneous current behaviors of three-phase active-front-
end rectifiers. In Section III, the test bench equipped with a
11-kW-Danfoss converter is briefly depicted. Corresponding ex-
perimental validations and detailed analysis are both provided.
Section IV presents in-depth comparisons with traditional lin-
ear controllers, DBP controllers, and FCS-MPC strategies, dur-
ing steady-state, transient, grid filter parameter variations, and
robustness against grid disturbances. Finally, conclusions are
drawn in Section V.

II. PREDICTIVE DUTY CYCLE CONTROL BASED ON COST

FUNCTION MINIMIZATION

The typical structure of a three-phase active-front-end recti-
fier is shown in Fig. 1, where ug and udc represent the grid phase
voltage and the dc-link voltage, respectively. i denotes the phase
current. Lg is the inductance of the grid filter and Rg represents
its equivalent resistance. C and RL denote the dc-link capacitor
and the load resistance, respectively.

Its mathematical model in stationary α-β reference frame can
be written as

ugα = Lg
diα
dt

+ Rgiα + ucα (1)

ugβ = Lg
diβ
dt

+ Rgiβ + ucβ (2)

where ugα and ugβ are the α- and β-axes components of grid
voltage vector. iα and iβ are the α- and β-axes components
of phase current vector. ucα and ucβ are the output voltage
components of the active-front-end rectifier.

Based on the previous equations, the voltage equations in
synchronous d-q reference frame can be obtained as follows:

ugd = Lg
did
dt

+ Rgid − ωgLg iq + ucd (3)

ugq = Lg
diq
dt

+ Rgiq + ωgLg id + ucq (4)

where subscripts d and q represent d- and q-axes components,
respectively.

After rearrangement, (3) and (4) can be expressed as

did
dt

=
1
Lg

(−Rgid + ωgLg iq − ucd + ugd) (5)

diq
dt

=
1
Lg

(−Rgiq − ωgLg id − ucq + ugq ). (6)

Normally, two adjacent voltage vectors in the vector span are
selected during the calculation process of the proposed predic-
tive duty cycle control (PDC). These two adjacent voltage vec-
tors can be selected at random without influencing controller
performances. In this paper, V1 and V2 are selected as an exam-
ple. Obviously, the corresponding numerical relationship among
phase duty cycles da , db , and dc is da > db > dc under this sit-
uation. The application time of V1 during one sampling period
Ts is equal to (da−db)Ts = (1−db−dc)Ts . In a similar way,
the application time of V2 during one sampling period Ts is
(db−dc)Ts . The application time of zero voltage vectors is thus
Ts−(1−db−dc)Ts−(db−dc)Ts = 2dcTs .

Based on (5) and (6), the derivatives of d- and q-axes currents
generated by the application of voltage vectors V1 and V2 can
be, respectively, obtained as

δd,1 =
did
dt

|V =V1 , δd,2 =
did
dt

|V =V2 (7)

δq,1 =
diq
dt

|V =V1 , δq,2 =
diq
dt

|V =V2 . (8)

For the chosen example, V1 and V2 are adopted during the
calculation process of the proposed algorithm. In this case, d-
and q-axes current increments under the voltage vectors V1 , V2
with the duty cycles da , db , and dc can be computed as

ed,1 = δd,1 [(da − db)Ts ] = δd,1 [(1 − db − dc)Ts ] (9)

ed,2 = δd,2 [(db − dc)Ts ] (10)

ed,0 = 2δd,0dcTs (11)

eq,1 = δq,1 [(da − db)Ts ] = δq,1 [(1 − db − dc)Ts ] (12)



700 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 01, JANUARY 2016

Fig. 2. Control structure of the proposed PDC.

Fig. 3. Flowchart of the proposed PDC.

eq,2 = δq,2 [(db − dc)Ts ] (13)

eq,0 = 2δq,0dcTs. (14)

Current control errors can be expressed as

Δid = i∗d − id − ed,0 − ed,1 − ed,2 (15)

Δiq = i∗q − iq − eq,0 − eq,1 − eq,2 (16)

where i∗d and i∗q represent the reference values of the d- and
q-axes currents, respectively.

It is expected that the currents evolve from their initial val-
ues toward the reference values during control period Ts . As a
consequence, the cost function should be constructed as follows:

g = Δi2d + Δi2q . (17)

The optimum duty cycles satisfies the following expression:

∂g

∂da
=

∂(Δi2d + Δi2q )
∂da

= 0 (18)

∂g

∂db
=

∂(Δi2d + Δi2q )
∂db

= 0. (19)

Fig. 4. Configuration of the experimental platform.

TABLE I
PARAMETERS OF THE EXPERIMENTAL PLATFORM

Parameters Value

Rated power P 1.8 kW
Output voltage of the variac ug 245 V
Grid frequency f 50 Hz
Equivalent resistance Rg 0.1 Ω
Filter inductance Lg 7.8 mH
DC-link capacitor C 950 μF
Switching frequency fs 10 kHz
DC-link voltage ud c 420 V

Based on (9)–(16), (18), and (19), the duty cycles can thus be
obtained as

da =
1

2mTs
[(i∗d − id)(δq,2 − δq,1) + (i∗q − iq )(δd,1 − δd,2)

+ 2Tsδq,0(δd,2 − δd,1) − 2Tsδd,0(δq,2 − δq,1)

+ Tsδd,1δq,2 − Tsδd,2δq,1)] (20)

db =
1

2mTs
[(i∗d − id)(2δq,0 − δq,1 − δq,2)

+ (i∗q − iq )(δd,1 + δd,2 − 2δd,0)

+ Tsδq,1(2δd,0 − δd,2) + Tsδd,1(δq,2 − 2δq,0)] (21)

dc = 1 − da (22)

where

m = (δq,2 − δq,0)δd,1 − (δq,1 − δq,0)δd,2 − (δq,2 − δq,1)δd,0 .
(23)

It is well known that, resulting from the calculation and sam-
pling process, control delay exists during the implementation
of the control algorithm [29]. Hence, control actions cannot be
performed instantly in real applications. Normally, predictive
controllers suffer from the control delay. In order to eliminate
performance deteriorations caused by the control delay, the fol-
lowing compensation measures should be adopted here. The
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Fig. 5. System behaviors in steady-state operation when PDC is adopted. (a)
Grid voltage and phase currents. (b) d-q currents and dc voltage. (c) Phase
currents in the α-β reference frame.

Fig. 6. PWM signals when PDC is adopted.

Fig. 7. Cost function g and three-phase duty cycles obtained based on cost
function minimization with V1 and V2 adopted during the performing process
of the control algorithm.

Fig. 8. Cost function g and three-phase duty cycles obtained based on cost
function minimization with V3 and V4 adopted during the performing process
of the control algorithm.

compensation current components can be calculated as

Δid com = dcδd,0 + (da − db)δd,1 + (db − dc)δd,2 (24)

Δiq com = dcδq,0 + (da − db)δq,1 + (db − dc)δq,2 . (25)

The current value after delay compensation should be com-
puted as

id com = id + Δid com (26)

iq com = iq + Δiq com . (27)

According to common sense, the value of switch duty cy-
cles can only lie in the closed interval [0, 1]. However, when
computed based on (20)–(22), the value of switch duty might be
larger than one, or smaller than zero. Obviously, this is unaccept-
able in the implementation of control algorithms, and, therefore,
the calculated duty cycles cannot be directly transferred to the
converters.

Actually, current variations are determined by the applica-
tions of voltage vectors. If the application times of nonzero
voltage vectors are kept unchanged, the current tracking perfor-
mances will surely be achieved. And as mentioned previously,
the application times of nonzero voltage vectors are proportional



702 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 01, JANUARY 2016

Fig. 9. Instantaneous current behaviors with a step change of d-axis reference
current when PDC is adopted. (a) Current behaviors. (b) Zoom window of
current behaviors.

to da−db and db−dc , respectively. This indicates that adding or
reducing the same quantity to the values of all duty cycles will
not affect the application times of nonzero voltage vectors. As
a consequence, the desired reasonable values of duty cycles can
be calculated as

d′a = da − min(da , db , dc)

+
1 − max(da , db , dc) + min(da , db , dc)

2
(28)

d′b = db − min(da , db , dc)

+
1 − max(da , db , dc) + min(da , db , dc)

2
(29)

d′c = dc − min(da , db , dc)

+
1 − max(da , db , dc) + min(da , db , dc)

2
. (30)

These calculated duty cycles d′a , d′b , and d′c are then trans-
ferred to the converter and finally applied in the next control
period. To further show how the proposed algorithm works,
the corresponding control structure is shown in Fig. 2, and its
flowchart is demonstrated in Fig. 3. As demonstrated by these
figures, a cost function should be constructed based on desired
control performances and current tracking errors. The effects
of duty cycles on current behaviors are then predicted on the

Fig. 10. Instantaneous current behaviors with a step change of q-axis reference
current when PDC is adopted. (a) Current behaviors. (b) Zoom window of
current behaviors.

Fig. 11. Instantaneous behaviors with a step change of dc reference voltage
when PDC is adopted (offset voltage of udc : 300 V).

basis of system instantaneous characteristics. Finally, optimiza-
tion of duty cycle signals is realized by means of cost function
minimization. The control structure of the whole system can
be summarized as follows. d-Axis current reference is first ob-
tained with the assistance of outer dc voltage loop, while q-axis
current reference is obtained based on system requirements.
Current regulation is then realized by duty cycle prediction and
cost function minimization. It is worth mentioning that this
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Fig. 12. System transient responses to external load disturbances when PDC
is adopted.

Fig. 13. Instantaneous current behaviors without delay compensation. (a)
Current behaviors with a step change of d-axis reference current. (b) Current
behaviors with a step change of q-axis reference current.

proposed duty cycle control method is independent of vector
selection. This will be further verified by the following experi-
mental results.

III. PERFORMANCE INVESTIGATION

In order to experimentally evaluate the steady-state and tran-
sient performances of the proposed PDC, a laboratory-scale ex-
perimental platform was built up, whose main components are

presented in Fig. 4. A three-phase variac and a filter inductor are
used to connect the experimental platform and the ac supply. A
commercial Danfoss FC302 converter based on insulated-gate
bipolar transistors is used as an active-front-end rectifier. A
dSPACE DS1006 board is adopted to carry out the control algo-
rithms, as well as communicating with the dSPACE control desk.
Besides, the platform is equipped with some accessory interface
boards, including DS 2004 ADC board, DS5101 PWM board,
and DS2102 DAC board, for the signal sampling, PWM signal
generating, and digital-to-analog transforming. Moreover, LEM
sensors and Butterworth low-pass filters are both used for the
sampling of currents and voltages. The experimental platform
parameters are presented in Table I. Besides, DPO3014 Oscillo-
scope from Tektronix and associated devices are used to capture
the experimental waveforms. It should be noted that even though
dSPACE DS1006 board is used here to carry out the proposed
control algorithm demonstrated in Fig. 3, the computation capa-
bility of commercial DSP TMS320F28335 is sufficient for run-
ning the proposed PDC control strategy. And the corresponding
running time is around 70 μs.

A. Steady-State Performances

In order to illustrate the feasibility of the proposed strategy,
experimental studies were initially carried out regarding the
steady-state performances. Fig. 5 shows the experimentally ob-
tained waveforms of the grid voltage and three-phase currents,
with the reference values of d- and q-axes current being 6 and
0 A, respectively. In addition, the dc voltage and phase currents
in the α-β reference frame are also presented, as well as d-
and q-axes currents. It is clearly shown by these experimental
results that the proposed strategy can achieve proper regulation
of d- and q-axes currents, which are both maintained constant
during the operation of the rectifier. As can be seen in Fig. 5(b),
the fluctuation ranges of d- and q-axes currents are both quite
limited, indicating the excellent capability of current regulation
presented by the proposed PDC. Besides, as expected, three
phase currents are balanced and sinusoidal. And the phase cur-
rent is kept in phase with the corresponding grid voltage due to
the fact that the rectifier is operating in the unity power factor
mode. Furthermore, it is clearly visible in Fig. 5(c) that the pro-
file of phase currents in the α-β reference frame is an ideal circle,
and the trajectory of phase currents lies in a relatively narrow
band, confirming the distinguished steady-state performances
of the proposed PDC strategy.

To further evaluate system performances with regard to the
switching frequency, experimental behaviors of PWM signals
sent out by the PDC are shown in Fig. 6. This result was ob-
tained under the same operating conditions with those of Fig. 5.
As can be observed in this illustrative waveform, with the assis-
tance of duty cycle regulation, the switching frequency is surely
kept constant at all times when the proposed PDC algorithm
is adopted, which is a favorable characteristic for the power
conversion and the design of grid filters.

As argued previously in Section III, even though the analysis
and calculation for the chosen example are based on the adop-
tion of V1 and V2 as active voltage vectors, control performances
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Fig. 14. Experimental results using four different control strategies during steady-state operation. (a) Conventional DBP. (b) Proposed PDC. (c) FCS-MPC. (d)
Classic LC.

are actually independent of the selection of voltage vectors. In
order to validate this remarkable conclusion, experiments have
been conducted accordingly. Fig. 7 demonstrates the value of
cost function g and three-phase duty cycles obtained based on
cost function minimization with V1 and V2 adopted during the
performing process of the control algorithm, while the wave-
form when V3 and V4 are used is shown in Fig. 8. These results
have been obtained under the same operating conditions with
that of Fig. 5. It is obvious that selection of different voltage
vectors leads to different waveforms of duty cycles. However,
as can be clearly appreciated by comparing the waveforms of
the cost function g in these two figures, different combination
of adjacent voltage vectors results in the same behaviors, with-
out influencing the current-tracking capability and steady-state
performances of the control algorithm.

B. Transient Responses

The transient response is an important issue in the operating
process of converters, particularly in power conversion of grid-
connected converters. With the aim of investigating the transient
responses of PDC, a step change between 6 and 9 A is introduced
to the d-axis reference current, while the q-axis reference cur-
rent is constant and maintained zero in this experiment. Instan-
taneous d- and q-axes current behaviors are shown in Fig. 9(a),
as well as the waveform of the phase current. Besides, the zoom
window of these transient responses is also provided for clarity.

As can be clearly seen in these figures, the step-changed refer-
ence current can be quickly followed by the PDC algorithm. It
can be measured from Fig. 9(b) that the response time of d-axis
current steps from 6 to 9 A is around 100 μs. This indicates that,
due to the adoption of behavior prediction and cost function
minimization, the proposed PDC can achieve highly dynamic
performance and inherit the excellent transient characteristics
of predictive controllers. Meanwhile, as shown in Fig. 9, zero
steady-state tracking errors can be achieved immediately after
the transient process. Furthermore, as can be seen from Fig. 9(a)
and 9(b), no significant variations are detected with respect to
the q-axis current. This indicates that the proposed PDC strat-
egy can achieve excellent decoupling regulation between d- and
q-axes currents at all times, as can be clearly appreciated even
during the step transition.

To further illustrate and validate the transient performances of
the proposed PDC strategy, similar transient tests were also con-
ducted under the condition of step change in the q-axis reference
current. The corresponding step responses of the rectifier and
the zoom window are shown in Fig. 10, where the reference of
q-axis current steps from 0 to 2 A and the d-axis current remains
6 A. Similar to the situation shown in Fig. 9, it is clearly visi-
ble in Fig. 10 that excellent transient performances and proper
regulation of q-axis current can be achieved when the proposed
PDC strategy is adopted. The q-axis current is rapidly changed
in order to follow the new reference signal, with the transient
process finished within 100 μs.
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Fig. 15. THD results using four different control strategies during steady-state
operation. (a) Conventional DBP. (b) Proposed PDC. (c) FCS-MPC. (d) Classic
LC.

Further tests were conducted on the transient responses of
the rectifier when the reference dc voltage is step changed from
420 to 470 V. The d-axis reference current is obtained from the
outer loop voltage controller, while the q-axis reference current
remains 0 A for unity power factor operation. The corresponding
experimental waveforms are shown in Fig. 11, where the offset
voltage of udc is set to 300 V for clarity. When there is a step
change in the reference signal of the dc voltage, the d-axis
reference current rises accordingly due to the voltage errors of
the outer control loop.

It is worth noting that, for the chosen example, the current
limit is 10 A. Hence, the d-axis reference current instantaneously
reaches the upper limit in this case, as can be seen in Fig. 11.
Due to the excellent dynamic responses of the proposed current
control method, the d-axis current rises rapidly, resulting in the
increase of the dc voltage and the decrease of voltage error.
Under this situation, the d-axis current decreases accordingly,
leading to the amplitude change of phase currents. Note that the
q-axis current is hardly affected at all by the transient process.
Neither the step rise nor the decrease of d-axis current has
significant impact on the behavior of q-axis current. This further
illustrates the excellent decoupling regulation performances of
PDC.

For further illustration of the effectiveness of PDC, transient
tests were also conducted by introducing disturbances to the
rectifier, in which the resistance load of the dc link was changed
from 126 to 84 Ω. Fig. 12 demonstrates system instantaneous be-
haviors under this situation. For clarity and better understanding,
the d-axis reference current generated by the dc voltage control
loop is also provided. A transient in the dc voltage during the
disturbance response can be clearly observed. The dc voltage
drops due to the disturbances of the load resistance, resulting in
the increase of the d-axis reference current. Obviously, with the
actions of the PDC current control strategy, the d-axis current
can properly track the reference trajectory, as demonstrated in
Fig. 12. With the increase of the d-axis current, the dc voltage
returns to normal accordingly. It should be noted that the q-axis
current remains constant in this transient process, confirming
the excellent decoupling regulation of currents performed by
the developed PDC.

C. Effect of Delay Compensation

As mentioned in previous sections, the calculation and sam-
pling process will introduce control delay, which might influ-
ence system behaviors if no compensation measure is adopted.
In order to validate the feasibility and functionality of the delay
compensation measures adopted in the proposed PDC strategy,
experiments were also carried out. Fig. 13(a) demonstrates the
experimentally obtained waveforms without the delay compen-
sation when the d-axis current is step changed. When this figure
is compared with Fig. 9(a), current fluctuations can be clearly
seen when the delay compensation is not used, resulting in
performance deterioration of transient behaviors. Furthermore,
cross-coupling effects are also introduced to the transient re-
sponses of the rectifier under this situation. It is measured from
Fig. 13(a) that the current fluctuations resulting from the time
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Fig. 16. Experimental results using four different control strategies during q-axis steps. (a) Conventional DBP. (b) Proposed PDC. (c) FCS-MPC. (d) Classic LC.

Fig. 17. Experimental results using four different control strategies during d-axis steps. (a) Conventional DBP. (b) Proposed PDC. (c) FCS-MPC. (d) Classic LC.
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Fig. 18. Experimental results using four different control strategies with line inductance errors. (a) Conventional DBP. (b) Proposed PDC. (c) FCS-MPC. (d)
Classic LC.

delay lasts around 20 ms before system behaviors return to nor-
mal. Further comparison is also shown in Figs. 9 and 13(b)
with a step change of q-axis reference current. Similar conclu-
sion can be easily obtained by comparing Figs. 13(b) and 9(b).
As can be clearly observed in these illustrative waveforms, the
control delay should not be neglected, especially in the case
of transient processes. And the delay compensation measures
mentioned previously are effective with regard to the improve-
ment of transient responses. However, it is worth pointing out
that system steady-state performances are not significantly in-
fluenced by the control delay, as shown in Fig. 13. This is due to
the fact that, during steady state operation, the sampled d- and
q-axes currents are both constant. The control delay could not
affect these constant sampling signals.

IV. COMPARISON STUDIES

A. Comparisons of Steady-State Performances

To highlight the conceptual differences of the proposed PDC
with DBP control, FCS-MPC, and classic linear control strate-
gies (LC), in-depth comparative studies were further carried out
in this section. In terms of steady-state performances, the corre-
sponding waveforms and THD results are shown in Figs. 14 and
15. d-Axis, q-axis and phase A currents are all presented for the
convenience of comparison. In general, excellent steady-state
performances can be expected when PDC is adopted, whose
behaviors are similar to those of DBP and LC. Zero steady-state

average error and sinusoidal current waveforms can be clearly
observed, as demonstrated by Fig. 14(b). Actually, this is due to
the fact that the proposed PDC strategy directly determines opti-
mal duty-cycle signals by behavior prediction and cost function
minimization. Outstanding steady-state performances and opti-
mum operations of converters within each sampling period can
thus be expected. However, the steady-state performances are
unsatisfactory with FCS-MPC adopted, as shown in Fig. 14(c).
Even though d- and q-axes currents can both be regulated with-
out significant steady-state errors, and the phase current is also
sinusoidal, fluctuations and harmonics are clearly visible in d-
and q-axes currents, as demonstrated in Figs. 14(c) and 15(c).
This results in a wide trajectory band with respect to the phase
currents. In addition, it is worth noting that the sampling fre-
quency is chosen as 33 kHz during the implementation process
of FCS-MPC, while the 10 kHz sampling frequency is adopted
when the other three different control strategies are tested. Even
though such a high sampling frequency was adopted for FCS-
MPC, unsatisfactory steady-state performances were obtained.
This due to the fact that, within each sampling period, FCS-MPC
selects the optimal switching action based on minimization of
the predefined cost function. In other words, only one voltage
vector takes action within each sampling period.

It should be noted that each method has its advantages and
disadvantages. Actually, the proposed PDC is an online op-
timizing control approach, aiming to obtain the optimal con-
trol actions under different operating conditions. Therefore, this
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Fig. 19. Experimental results using four different control strategies during voltage dips. (a) Conventional DBP. (b) Proposed PDC. (c) FCS-MPC.
(d) Classic LC.

algorithm is more complicated than traditional controllers. And
its running time during implementation is a little longer than
those of other control methods.

B. Comparisons of Transient Performances

On the other hand, in terms of transient responses, experi-
ments were further conducted for comparison. As shown Fig. 16,
the reference of q-axis current was step changed between 0 and
4 A with d-axis current being 6 A, while in Fig. 17 the d-axis
reference current changed between 4 and 8 A with q-axis cur-
rent being 0 A. As demonstrated by these experimental wave-
forms, fast tracking performances can be expected when DBP,
the proposed PDC, and FCS-MPC are adopted, respectively,
while dynamic behaviors are relatively slow when classic linear
controller is used. The reason for this phenomenon is that, DBP,
the proposed PDC, and FCS-MPC all belong to the family of pre-
dictive controllers, whose remarkable characteristic is the highly
dynamic performance with the assistance of behavior prediction.
Due to the inherent characteristics of predictive strategies, fast
dynamic responses can be expected. Besides, it should be noted
that, when DBP strategy is adopted, coupling phenomenon can
be clearly seen under the situation of step change in current
references, as demonstrated in Fig. 16(a). This is due to the fact
that, when DBP strategy is used, the required output voltage of
the converter is directly determined based on current errors and
model information, without taking the modulation process and

switching actions into account. Optimal operation of converters
cannot be achieved under this situation. Nevertheless, this is
not the case for the proposed PDC. With PDC adopted, d- and
q-axes currents both present good dynamic responses, which is
completely decoupled from each other at all times, as can be
clearly visible even during dynamic transitions.

C. Comparisons of Performances Under Grid Filter
Parameter Variations

For the control of three-phase active-front-end rectifiers, sys-
tem robustness against model inaccuracy and parameter varia-
tions is an important aspect. In order to demonstrate the effect
of errors in the model parameter values on system characteris-
tics, relative experiments using four different control strategies
mentioned earlier were also conducted. Fig. 18 shows system
behaviors with the inductance value adopted in the control strat-
egy changed by 60%. During the testing process, the q-axis
reference current is step-up changed from 0 to 4 A, with the
d-axis current demand remaining 6 A. When the experimen-
tal results shown in Fig. 18 are compared with those shown
in Fig. 16, where no inductance error was introduced, it is
clearly visible that disturbances resulting from parametric vari-
ations bring influences on system behaviors when DBP, the
proposed PDC, and FCS-MPC are adopted, respectively. This
is due to the fact that all these three control strategies be-
long to the family of predictive controllers, whose inherited
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characteristic is system performance prediction based on con-
verter model information.

D. Comparisons of Performances Under External
Disturbances

With the aim of evaluating system performances under the
situation of external disturbances, Fig. 19 demonstrates experi-
mental results using four different control strategies when volt-
age dips were introduced to the ac supply grid. These results
were obtained under the operating conditions with d- and q-
axes reference current being 6 and 0 A, respectively. Due to
the high bandwidth possessed by predictive controllers includ-
ing DBP, PDC, and FCS-MPC, d- and q-axes currents can both
be properly regulated immediately after the dip moment. Highly
dynamic transient behaviors can be successfully achieved. How-
ever, this is not the case for classic linear controllers. Because of
its relative slow responses, significant current fluctuations can
be observed at the instant of voltage dip.

V. CONCLUSION

With the aim of proposing one type of online optimizing
control for three-phase active-front-end rectifiers, this paper
presents a PDC control strategy. The effects of duty cycles on
instantaneous current variations are first predicted. As an impor-
tant factor for the solving process of the optimizing problem,
a cost function is previously constructed based on the desired
control performance. The optimal duty cycles are determined
by minimizing the cost function. Therefore, the application of
optimal duty cycles automatically ensures optimum operations
of converters within each sampling period. Different from clas-
sic linear controllers, the proposed PDC belongs to the family
of predictive controllers. Highly dynamic responses can thus be
expected with PDC adopted. Besides, when PDC is compared
with traditional DBP, its superiority lies in its online optimiza-
tion characteristics based on cost function minimization, which
has been confirmed by experimental results. Furthermore, even
though FCS-MPC is also one type of online optimization al-
gorithm, the optimal voltage vector that minimizes the cost
function is selected and applied, leading to varying switching
frequency and deteriorations in steady-state performances. Dif-
ferently, the optimal duty cycles are determined with respect
to the proposed PDC; distinguished performances can thus be
expected.
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