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Abstract: A modified proportional integral (PI) controller is proposed and compared with a proportional resonant (PR) controller. 

These controllers are tested on a three-phase direct matrix converter (MC). The modified PI controller employs current feedforward 

together with space vector modulation to control MC output currents. Compared with the PR controller, the modified PI controller 

provides increased control flexibility for reducing current error, as well as improved steady-state tracking performance. When the 

coefficient of current feedforward is equal to load resistance (K = R), steady-state error is effectively minimized even when sinusoidal 

variables are regulated. Additionally, total harmonic distortion is reduced. To comparatively evaluate the modified PI controller, a PR 

controller is designed and tested. Both the modified PI and PR controllers are implemented in a natural frame (abc) in a straightforward 

manner. This removes the coordinate transformations that are required in stationary (αβ) and synchronous (dq) reference frame-based 

control strategies. Additionally, both controllers can handle unbalanced conditions. The experimental and simulation results verify the 

feasibility and effectiveness of the proposed controller. 
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I. INTRODUCTION 

The three-phase direct matrix converter (MC) shown in Fig. 
1 is an alternative solution for alternating-current (AC)/AC 
conversion. It has several key features, such as a compact 
structure, a bidirectional power flow, sinusoidal waveforms, 
and a controllable input power factor [1–3]. MCs have been 
proposed for various applications [4–7]. In industry, 
manufacturers such as Yaskawa [8, 9], Eupec [1, 10] and Fuji 
[11] have produced MC products, e.g., the Yaskawa U1000, 
AC7, Eupec ECONOMAC FM35R12KE3ENG, and Fuji 
FRENIC-MX1S. The power ratings of the Yaskawa MX1S 
series MC have reached 6.3 MVA [12]. 

In the literature, various control strategies have been 
proposed for MCs [3]. However, many are either too complex 
or impractical to implement. Model predictive control is a 
widely researched strategy; however, it is not practical for 
MCs, because of the large number of switch actions. Space 
vector modulation (SVM) is a well-developed and common 
control technique for MCs; however, it is ineffective when 
the load is unknown, because the output current is required 
for the modulation. Therefore, the development of 
closed-loop SVM is important. 

 

 
Fig. 1. Three-phase direct MC. 

 
To form the closed loop, proportional–integral (PI) 

controllers can be employed, as they are simple and easy to 
implement. This approach has been widely used in power 
electronic converters and other industrial applications [13, 
14]. PI controllers, when used in a power electronic 
converter, typically adopt one of the following three reference 
frames: the synchronous reference frame (dq), stationary 
reference frame (αβ), or natural frame (abc) [4]. Both αβ and 
dq frame-based strategies require multiple frame 
transformations, increasing the complexity and the difficulty 
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of signal processing and implementation. Stationary-frame PI 
controllers are considered unsatisfactory owing to their 
significant steady-state errors, particularly for tracking AC 
variables. This is because stationary controllers offer a 
limited gain at nonzero frequencies [5, 15, 16].  

In contrast, synchronous PI controllers are commonly used 
because they can achieve zero steady-state error owing to the 
infinite gain of the direct-current (DC) signal provided by the 
integral term. However, the synchronous-frame controller is 
more complex than the stationary-frame controller because 
several transformations are needed (abc↔dq) to convert the 
controlled signals into DC quantities. The controllers are 
error-prone because of the noise in the synchronous 
reference-signal detection, which can introduce extra errors. 
Additionally, the standard synchronous PI controllers are 
unable to handle unbalanced conditions. Alternatively, the 
control needs to be implemented for both the positive- and 
negative-sequence components [13, 17].  

Therefore, it is important to improve the steady-state 
performance of stationary PI controllers. In this regard, 
modified PI controllers have been reported in the literature. 
Some of these involve a feedforward controller, which is 
simple in concept, is robust, and has good dynamic 
performance [18]. It is especially effective for handling 
disturbances that can be measured. A stationary PI controller 
with a grid voltage feedforward path was proposed and 
applied for grid-tied converters [19]. Its control structure is 
shown in Fig. 2(a). This strategy improved the transient and 
disturbance-rejection performance; however, the scheme 
suffers from voltage background harmonics and stability 
problems [20]. 

A combined feedforward–feedback controller, as shown in 
Fig. 2(b), was proposed in [4] to improve the overall 
performance of the whole control system. The control 
strategy described in Fig. 2(b) has been used in other fields 
[21–24]. However, it has drawn little attention in power 
electronic converter control. In this paper, a modified PI 
controller with a current feedforward path is proposed for a 
three-phase direct MC. 
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Fig. 2. (a) PI controller with a voltage feedforward path. (b) Combined 
feedforward–feedback controller. 

 
Another potential solution for improving the steady-state 

tracking performance is the proportional-resonant (PR) 
controller. The PR controller is a good alternative to 
conventional PI controllers because it exhibits excellent 
steady-state performance and can provide specific-order 
harmonic compensation with reasonable computational 
burden [5, 25, 26]. It is difficult to achieve harmonic 
compensation with standard PI controllers. The PR 
controller has been investigated for converters, and good 
performance has been reported [27–30]. However, the PR 
controller and selective-harmonic compensation remain 
underexplored for the three-phase direct MC. In previous 
studies, only resonant controllers have been investigated for 
four-leg MCs, to regulate the output voltage [31]. In this 
paper, the PR controller is investigated for a three-phase 
direct MC to control the output currents, and its performance 
is compared with that of the modified PI controller. 

The contributions of this paper are summarized as follows. 
(a) A modified PI controller with current feedforward in the 
natural abc frame is proposed and tested on an MC. The 
current feedforward provides extra flexibility for reducing the 
steady-state error. When the coefficient of current 
feedforward is equal to the load resistance (K = R), the 
steady-state error is effectively reduced, even with the 
regulation of the sinusoidal variables. To the knowledge of 
the authors, this has not been reported in the literature. Unlike 
the traditional PI controller, the proposed controller does not 
require frame transformations, because it can be implemented 
in the natural abc frame. Additionally, the modified PI 
controller can handle unbalanced conditions. (b) The PR 
controller and selective-harmonic compensation are 
investigated for the three-phase direct MC to regulate the 
output currents. The selective harmonics are compensated 
effectively. The authors believe that the PR controller has not 
previously been investigated for a three-phase direct MC 
(shown in Fig. 1). (c) Simulation and experiment 
comparisons are performed to evaluate and compare the 
modified PI and PR controllers. It is concluded that the 



 
 

proposed PI controller is easier to implement and has less 
steady-state error; whereas, the PR controller is more 
effective for reducing distortions. The proposed controllers 
can be applied to not only MCs but also other power 
electronic converters.  

 

II. PI CONTROLLER WITH CURRENT FEEDFORWARD 

The proposed combined feedforward–feedback controller 
is shown in Fig. 2(b), where the current reference is fed 
forward. The transfer function E(s)/R(s) is given by  
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where Gc is the PI controller, Gf is the feedforward controller 
(proportional controller), and Gp is the known resistive–
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This is a two-degree-of-freedom control system in which 
the closed-loop characteristics and the feedback 
characteristics can be regulated independently to improve the 
overall performance of the whole system [32]. By rearranging 
(1), the error in the frequency domain is obtained as 
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The reference R in the natural frame is usually a sinusoidal 
function R(t) = Irsin(ωct), and its frequency-domain 
expression (Laplace transform) is 
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where Ir is the reference amplitude, and ωc = 2πf is the 
reference angular frequency. Substituting (3) into (2) yields 
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To derive the amplitude and phase responses of the error 
E(s), s is replaced with jω. Thus, the amplitude and phase 
angle are obtained as 
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According to (5) and (6), the error amplitude is minimized 
when K = R and the other parameters are fixed. The 
introduction of the feedforward controller offers extra 
flexibility for tuning the steady-state error performance. The 
amplitude and phase responses for different values of K are 
shown in Fig. 3(a). Here, the following parameters are used: 
Kp = 10, Ki = 1, R = 20 Ω, L = 15 mH, and ωc = 120π rad/s. As 
shown in the figure, the amplitude response for K = R is 
distinct from the others, and this setting yields the minimum 
amplitude response for the whole frequency domain. This 
indicates that an appropriate selection of K can reduce the 
steady-state error. Fig. 3(b) shows the proposed PI controller 
with current feedforward for controlling MC output currents. 
The controller generates the voltage references that are 
utilized in the SVM to control the MC. 
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Fig. 3. (a) Bode diagram of E(jω) for different values of K. (b) Proposed PI 
current controller with current feedforward. 

                                                                                          
Similarly, when the load is resistive–capacitive, i.e., 

1( )
1 /pG s

R SC
=

+
,                        (7) 

the amplitude and angle of the error are 
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As indicated by (8) and (9), we can obtain the same 
conclusion as that for the RL load. 

Compared with the traditional PI controller, the proposed 
method has reduced steady-state error with the regulation of 
the sinusoidal variables. This is achieved by introducing a 
current feedforward path in the controller. This current 
feedforward path provides extra flexibility for reducing the 
steady-state error. The proposed method does not require 
frame transformations, because it can be implemented in the 
natural abc (stationary) frame, which reduces the 
implementation demands. Although the proposed controller 
requires three controllers, it can easily handle unbalanced 
conditions because it can be individually implemented for 
each phase. Thus, the computational burden of the proposed 
controller is reduced compared with the dq-frame based 
controller. 

In this study, only the known resistive–inductive and 
resistive–capacitive loads are considered. When the load is 
more complex or unknown, load-parameter identification 
and modeling techniques such as the hybrid learning 
algorithm [33], Kalman filter-based estimation [34], and 
least-squares methods [35, 36] can be utilized. The 
feedforward controller can be designed depending on the 
specific application to achieve the desired results. This topic 
remains open, and future research is required. 

 
III. PR CONTROLLER WITH HARMONIC COMPENSATION 

The PR controller can provide an infinite gain at the target 
frequencies to eliminate the steady-state error at these 
frequencies and to compensate for selective harmonic 
contents by cascading multiple PR controllers [20, 37]. 

A. PR Controller 
In principle, the PR controller can be derived by 

transforming a desired DC compensation network into an 
equivalent AC compensation network [38]. This is 
conceptually similar to transforming a synchronous reference 
frame-based PI controller into a stationary frame-based 
controller [20]. The PR controller is expressed as 
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where KP and KR are the proportional and resonant gains, 
respectively. This controller can provide an infinite gain at 
the frequency ω and cause no phase shift at other 
frequencies. However, it is not practical to implement an 
ideal PR controller, because of the infinite quality factor [25]. 
Hence, the nonideal PR controller is usually adopted, which 
is expressed as follows: 
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Here ωc << ω is the cutoff frequency, which affects the 
bandwidth around the target resonance frequencies. The 
nonideal PR controller has a larger bandwidth around the 
target frequencies, which leads to less sensitivity and more 
robustness. Thus, the nonideal PR controller is more robust 
to frequency variations around the target frequencies. 

B. PR Controller with Harmonic Compensation 
To compensate for harmonics, several PR controllers with 

different resonant frequencies are cascaded. The ideal PR 
controller with a harmonic compensator is expressed as 
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and the nonideal PR controller with a harmonic compensator 
is expressed as 
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where n is the harmonic order, and KRn is the individual 
resonant gain for the nth-order harmonic. Diagrams of the 
ideal and nonideal PR controllers with the harmonic 
compensator are shown in Figs. 4(a) and (b), respectively. 
Their frequency responses are shown in the Bode plots of 
Figs. 4(c) and (d), respectively. The gains at the resonant 
frequencies can be tuned as required. In Figs. 4(c) and (d), 
KP = KRn = 1 is used for simplicity. 
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Fig. 4. Diagrams of (a) ideal and (b) nonideal PR controllers with 
selective-harmonic compensation. Bode diagrams of (c) ideal PR controller 
and (d) nonideal PR controllers with harmonic compensation (KP = 1, KRn = 
1, ω = 120π rad/s). 

 
The target resonant frequencies in the harmonic 

compensator can be designed for specific applications. The 
3rd, 5th, and 7th harmonics are usually considered, because 
they are regarded as the most prominent harmonics in a 
typical current spectrum [37]. 

As shown in Figs. 4(c) and (d), the PR controller and 
harmonic compensator can provide large gains at the target 
frequencies. Compared with the ideal PR controller, the 
nonideal PR controller has a larger bandwidth around the 
target frequencies, which results in better robustness to 
frequency variations. 

The error of the MC output current passes through the PR 
controller, providing the voltage references. These 

references are then delivered to the SVM modulation stage 
to generate the gating pulses for the MC. The MC input 
current can also be controlled by the proposed scheme, and 
the input power factor can be regulated to unity. The 
PR-controller parameters should be tuned appropriately to 
obtain the desired performance, which can be done via a 
method similar to that for the PI controller. 

 

IV. MC AND SVM 

A. MC Basics 
As shown in Fig. 1, a three-phase direct MC consists of 

nine bidirectional switches. These switches form a 3 × 3 
switch matrix, as follows: 
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where S (transpose ST) is the switch matrix. The elements SXx 
in the switch matrix can be assigned a value of 1 (for the “on” 
state) or 0 (for the “off” state). 

The constraints (16) are applied to exclude switch states 
that short-circuit the inputs (usually voltage sources) or 
open-circuit the outputs (usually inductive loads). Otherwise, 
overcurrent or overvoltage is generated. A total of 27 switch 
states are allowable in the matrix, which are represented by 
27 control actions (finite control set). 

B. SVM of MC 
A synchronous frame-based PI controller using SVM was 

proposed in [39] and [40] for an MC to control the power 
flow in a transmission system. However, the issues 
associated with synchronous PI controllers persisted. In this 
study, a modulation stage based on the indirect SVM is 
adopted to generate the firing pulses for the proposed 
controllers. There are two methods for implementing the 
indirect SVM in the controllers: direct and indirect [5]. 

In the direct method, the output voltage and input current 
references are directly used in the SVM control to generate 
gating pulses for the semiconductor switches in the MC [40]. 
The output voltage reference is generated by the current 
controller, which forms a current loop. The MC input 



current references are specified according to the system 
requirements.  

In the indirect method, the SVM is divided into virtual 
inversion and rectification modulation stages, as shown in 
Fig. 5. In the virtual inversion modulation stage, the 
designed current controller and SVM (for the inverter only) 
are used to generate gating pulses for the semiconductor 
switches in the virtual inverter. SVM (for the rectifier only) 
is used in the virtual rectification modulation stage to 
generate gating pulses for the semiconductor switches in the 
virtual rectifier. Then, the two virtual modulation stages are 
combined to control the MC [39]. In this study, the indirect 
approach is used. 

 

 
Fig. 5. Indirect SVM with a virtual DC link. 

 
In the indirect SVM control, the virtual DC link—shown 

in Fig. 5—is used to connect the virtual voltage source 
rectifier and the virtual voltage source inverter. The virtual 
DC link does not actually exist in the MC. It is only used to 
explain the modulation technique. By applying SVM to the 
different stages and combining them, the overall indirect 
SVM for the MC can be derived. As a result, the time 
durations (duty cycles) of the switch states for the overall 
combined modulation stage are derived: 
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where tγα, tδα, tγβ, tδβ, and t0 are the time durations for the 
active (1) and inactive (0) switch states, and Ts is the 
sampling interval. θR (θI) (where 0 ≤ θR (θI) ≤ π/3) is the 
angle between the desired space vector IRS (VIS) and the 
right-hand-side adjacent vector IRγ (VIα). m = mi × mv is the 
modulation index. Additional details on obtaining the time 
durations are presented in [4, 40, 41]. 

 
TABLE I Duty-cycle distribution for the symmetric switching sequence. 

 
 tγα/2 tδα/2 tδβ/2 tγβ/2 t0 tγβ/2 tδβ/2 tδα/2 tγα/2 

SAa 1 1 1 1 0 1 1 1 1 
SBa 0 0 0 0 0 0 0 0 0 
SCa 0 0 0 0 1 0 0 0 0 

          
SAb 0 1 1 0 0 0 1 1 0 
SBb 1 0 0 0 0 0 0 0 1 
SCb 0 0 0 1 1 1 0 0 0 

          
SAc 0 0 0 0 0 0 0 0 0 
SBc 1 1 0 0 0 0 0 1 1 
SCc 0 0 1 1 1 1 1 0 0 

 
To reduce the switching transitions between the switch 

states, a symmetric switching sequence is employed in each 
sampling interval Ts. This is achieved using the location 
information (ki and kv) of the input current and output 
voltage space vectors. An example is presented in Table I 
for ki = kv = 1. In this table, a value of “1” indicates that the 
corresponding switch is turned on for the designated time 
segments, and a value of “0” indicates that the switch is 
turned off. As indicated by this table, in one sampling 
period, only one switching transition is required between 
each state. A switching lookup table can be obtained in a 
similar manner. Accordingly, an enhanced pulse-width 
modulator (ePWM) can be implemented by assigning the 
compare registers appropriate values. 
 

V. SIMULATION TESTS 

According to the foregoing analyses of the proposed 
controllers and SVM, the proposed PI and PR controllers for 
the SVM-modulated MC can be designed, as shown in Figs. 
6(a) and (b), respectively. These controller structures are 
simple, and no frame transformations are required, because 
they are implemented in the natural abc system. To control 
the input power factor, a phase-locked loop is used to detect 
the location of the input voltages. The parameters of the 
simulation system are presented in Table II. The output 
frequency is 60 Hz. In the tested RL load, the filtering effect 
of the inductor is limited; thus, the current waveform is poor, 



 
 

as indicated by the following results. Nonetheless, these 
comparative results verify the effectiveness of the proposed 
controller. The current waveform can be significantly 
improved by increasing the inductance. For simple and 
explicit figure captions, the tested controllers are abbreviated 
as follows: open-loop SVM (SVM), PI-based SVM 
(PI-SVM), PI with current feedforward-based SVM 
(PICF-SVM), PR-based SVM (PR-SVM), and PR with 
harmonic compensation-based SVM (PRHC-SVM). 
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Fig. 6. (a) Proposed PI controller for the MC and (b) PR controller for the 
MC. 

 
TABLE II Simulation parameters. 

Vi [V] fi [Hz] LA [mH] rA [Ω] CAB [µF] L [mH] R [Ω] Ts [μs] 

100 50 4.8 30 10 14 20.3 100 

 
Comparative simulation results for the PI controller with 

current feedforward are presented in Fig. 7. The parameters 
used in the PI controller are Kp = 200 and Ki = 10. The 
simulation results for the traditional PI controller (in the abc 
frame) are shown in Figs. 7(a) and (c). A significant 
steady-state error appears in the waveform. The fundamental 
reference current amplitude is 3.6 A, while the regulated 
fundamental current amplitude only reaches 3.22 A with 

total harmonic distortion (THD) of 10.27%. In contrast, the 
steady-state error performance is significantly improved for 
the proposed PI controller with current feedforward (K = R = 
20.3, while Kp and Ki are the same as before), as shown in 
Figs. 7(b) and (d). The steady-state current amplitude 
reaches 3.53 A, and the THD is reduced to 7.80%. The MC 
input voltage and current of phase A are presented in Fig. 
7(e). As shown, the MC input current is almost in phase with 
the input voltage. A small phase shift is caused by the input 
filters, because the input current is controlled in the 
open-loop approach. 

The dynamic response of the proposed controller to the 
current-amplitude change from 2.8 to 3.6 A at 0.05 s is 
shown in Fig. 7(f). This result shows the fast transient 
response of the proposed controller. Additionally, the 
modulation index of the MC influences the controller 
performance. This is observed in Fig. 7(f), where different 
current amplitudes correspond to different modulation 
indices. 
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Fig. 7. Simulation results: (a) PI-SVM steady-state output current, (b) 
PICF-SVM steady-state output current, (c) PI-SVM FFT analysis of the 
current, (d) PICF-SVM FFT analysis of the current, (e) MC input phase 
current and voltage (PICF-SVM), and (f) transient performance of the 
PICF-SVM controller. 

 
The test results obtained under unbalanced conditions and 

input variations are shown in Fig. 8. For unbalanced 

conditions, the resistance of the output phase b is reduced to 
half of that of the other two output phases, and the voltage 
amplitude of input phase A is reduced by 20% (as shown in 
Fig. 8(a)). As shown in Fig. 8(b), the output currents can be 
regulated effectively under unbalanced conditions. For the 
input variation, the sudden changes in both the voltage (by 
-15 V) and phase (by 30°) of input phase A are simulated, as 
shown in Fig. 8(c). As shown in Fig. 8(d), the output current 
is only slightly affected, and the results are acceptable. If the 
unbalanced condition or input variation deteriorates, the 
results become worse than those for most of the other control 
methods.  
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Fig. 8. Simulation results under unbalanced conditions and input variation: 
(a) unbalanced input voltages, (b) regulated output currents, (c) input 
voltages with a sudden change, and (d) regulated output currents. 

 
The simulation results for the PR controller are shown in 

Fig. 9. The controller parameters are as follows (unless 
otherwise specified): KP = 350, KR1 = 600, KRn (n =1, 2, 3, 4, 
5, 6, 7) = 0, ω = 120π rad/s, and ωc = 2π rad/s. 

Fig. 9(a) shows the steady-state current of the PRHC-SVM 
controller. The simulated current for PR-SVM is not shown, 
because it is very similar to that for PRHC-SVM. As shown in 
Fig. 9(a), the steady-state tracking error is not significant. 
Figs. 9(b) and (c) compare the fast Fourier transform (FFT) 
analysis results for PR-SVM and PRHC-SVM. As shown in 
Fig. 9(b), the 4th, 6th, and 7th harmonics are significant for 
PR-SVM; therefore, these harmonics are compensated for in 
PRHC-SVM. The FFT analysis results for PRHC-SCM are 
shown in Fig. 9(c). The specific harmonics (6th and 7th) are 
suppressed appreciably, and the controller is effective. The 
gain of each compensator determines the corresponding 
control effectiveness. The reduction of the specific harmonics 
may increase other harmonics; therefore, a compromise must 
be achieved when designing the controller. Fig. 9(c) presents 
a compromised result, which is the reason for the slight 
increase in the 4th-order harmonic distortion. 

The selective-harmonic compensator does not necessarily 
improve the overall THD performance. In fact, it affects the 
harmonic spectrum, because increasing the gain for other 
order harmonics changes the relative gain of each harmonic. 
The THD of the MC output current is influenced by the 
modulation index (voltage transfer ratio). With the PR-SVM 
and PRHC-SVM control schemes, the input power factor can 
be regulated and can reach unity.  
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Fig. 9. (a) Steady-state performance of the PRHC-SVM-controlled output 
current, (b) FFT analysis of the PR-SVM-controlled output current, (c) FFT 
analysis of the PRHC-SVM-controlled output current, and (d) dynamic 
response of PRHC-SVM to a step reference (for PRHC-SVM: KR4 = KR6 = 
500, KR7 = 300). 
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In Fig. 9(d), the dynamic response of the proposed 
controller to a step change in the reference current from 2.8 to 
3.6 A is evaluated. The controller exhibits a good dynamic 
response, and the prescribed reference is tracked effectively. 

The foregoing steady-state simulation results are 
summarized in Table III. The modified PI controller exhibits 
an improved steady-state performance, particularly with 
regard to the error, whereas the PR controller has better 
performance with regard to the THD. 

 

TABLE III Simulation results for PI-SVM, PICF-SVM, PR-SVM, and 

PRHC-SCM. 

Method PI-SVM PICF-SVM PR-SVM PRHC-SVM 

Error 0.381 0.075 0.127 0.13 

THD 10.27% 7.8% 3.74% 3.7% 

 

VI. EXPERIMENTAL VALIDATION 

To verify the proposed strategies, an MC was constructed 
and used for an experiment. The experimental setup is 
shown in Fig. 10. Bidirectional switches (insulated-gate 
bipolar transistors, IGBTs) were arranged in the common 
collector configuration. As a result, only six independent 
driver power supplies were needed to drive 18 IGBTs. The 
control card was a TI TMS320F28377D series digital signal 
processor (DSP) board. The real-time control was 
implemented in MATLAB/Simulink with C2000 hardware 
support packages. A serial communications interface was 
used for the communication between the host computer and 
DSP card. Analog-to-digital conversion (ADC) and 
peripheral circuits were employed to process the signals 
from the voltage and current sensors. The carrier waveform 
used in the modulation stage was generated from the ePWM 
blocks, which facilitated the implementation of the 
symmetric switching sequence. 

 

 
Fig. 10. MC prototype. 

 
In the experimental tests, the parameters of the controllers 

were set to the same values used in the simulation, unless 
otherwise specified. The steady-state experimental results 
are presented in Figs. 11–13 and Tables IV and V. 

The experimental waveforms for SVM are presented in 
Figs. 11(a) and (b). As shown, the SVM-controlled MC 
generated sinusoidal waveforms. However, the open-loop 
SVM was ineffective for controlling the output currents 
when the load was unknown. 
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Fig. 11. (a) Input voltage and current, (b) output currents (two phases). 
 
Fig. 12 presents the experimental results for PI-SVM and 
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PICF-SVM. The steady-state tracking error of PI-SVM was 
significant, as shown in Fig. 12(a). However, for the 
proposed PICF-SVM controller, when the reference was 3.6 
A, the fundamental current amplitude was improved from 
3.34 to 3.56 A, and the THD was reduced from 12.05% to 
9.01%. These results are shown in Figs. 12(c) and (d). The 
PI-SVM and PICF-SVM controllers exhibited very similar 
performance with regard to the input current regulation, as 
shown in Figs. 12(e) and (f). The input power factor was 
regulated to be close to unity (1). 

Compared with the open-loop SVM, the closed-loop SVM 
exhibited more severe distortion in the output current. This 
is because the modulation index changed continuously in the 
closed-loop SVM. In previous studies, the effect of the 
modulation index on the current-regulation performance was 
investigated. A general conclusion is that a lower 
modulation index yields greater current distortion [42]. 
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Fig. 12. Experimental results of PI-SVM and PICF-SVM: (a) PI-SVM output 
currents, (b) PICF-SVM output currents, (c) PI-SVM output current FFT 
analysis, (d) PICF-SVM output current FFT analysis, (e) PI-SVM input 
voltage and current, and (f) PICF-SVM input voltage and current. 

 
The comparative experimental results for PR-SVM and 

PRHC-SVM are illustrated in Fig. 13 and Tables IV and V. 
The performance of the input current regulation was similar 
to that for PICF-SVM; therefore, these results are not 
presented. The experimental waveforms of the 
PR-SVM-controlled output currents and FFT analysis results 
are presented in Figs. 13(a) and (c), respectively. Here, the 
3rd, 4.2th, and 6.8th harmonics are more significant; thus, the 
3rd, 4th, and 6th harmonics are compensated for in the 
PRHC-SVM scheme. 

Figs. 13(b) and (d) show the PRHC-SVM-controlled 
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output currents and FFT analysis results. Table IV compares 
the low-order harmonics between PR-SVM and 
PRHC-SVM. These results indicate that the PRHC-SVM 
compensated the selective-order harmonics effectively. 
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Fig. 13. Experimental results: (a) PR-SVM output currents, (b) PRHC-SVM 
output currents, (c) PR-SVM output current FFT analysis, and (d) 
PRHC-SVM output current FFT analysis (for PRHC-SVM: KR3 = 500, KR4 = 
200, KR6 = 300). 

 
Table V presents the steady-state experimental results. 

These results are consistent with the simulation results in 
Table III. Compared with the PR controller, the modified PI 
controller was more effective for reducing the steady-state 
errors. However, the PR controller had less THD. The 
controllers were tested on an MC in this study, but they can 
easily be extended to other converters. 

 
TABLE IV Comparison of the low-order harmonics between PR-SVM and 

PRHC-SVM. 

Harmonic 2nd 3rd 4th 5th 6th 7th 

PR-SVM 0.6448 1.642 0.2935 0.5326 0.5764 0.5717 

PRHC-SVM 0.7547 1.515 0.2394 0.8383 0.2443 0.6159 

 

TABLE V Experimental comparison of PI-SVM, PICF-SVM, PR-SVM, and 

PRHC-SCM. 

Method PI-SVM PICF-SVM PR-SVM PRHC-SVM 

Error 0.26 0.04 0.179 0.07 

THD 12.05% 9.01% 7.56% 6.74% 

 

VII. CONCLUSIONS 

To improve the steady-state tracking performance, a 
combined feedforward–feedback PI controller was proposed, 
and a PR controller was investigated. These controllers were 
tested on an MC. Both controllers exhibited reduced 
steady-state tracking error and THD. First, a modified PI 
controller with current feedforward was proposed. The 
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introduction of the feedforward control provided extra 
freedom for reducing the steady-state error. Analysis 
indicated that the minimum tracking error can be achieved 
when the coefficient of the current feedforward is equal to 
the load resistance (K = R). Then, a PR controller with the 
capability of compensating selective-order harmonics was 
investigated for the MC. Both of the proposed controllers are 
simple and easy to implement. They do not require 
reference-frame transformations, because they can be 
straightforwardly implemented in the natural abc frame. 
Consequently, the implementation effort is reduced. The 
ability to handle unbalanced conditions is an advantage of 
both the modified PI and PR controllers. A constant 
switching frequency is achieved because of the SVM 
modulation stage. Comparative analysis revealed that the 
proposed PI controller is easier to implement and has less 
steady-state error, while the PR controller is more effective 
for reducing distortions.  

Simulation and experimental results corroborate the 
effectiveness of the proposed controllers. These controller 
schemes can be readily extended to other power electronic 
converters and used in many applications, such as grid 
synchronization and microgrids. 
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