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Abstract--Traditional PI controllers can have poor 

regulation performance due to steady state errors when 

tracking sinusoidal signals. Hence synchronous PI 

controllers are often used, although this controller requires 

reference frame transformations. In this paper, a modified 

PI controller, which uses current feedforward, is developed 

to control the output currents of a matrix converter. The 

controller is implemented in the natural frame (abc) 

together with space vector modulation. The output current is 

then controlled. This controller does not require any frame 

transformation and it demonstrates improved steady-state 

tracking performance. The total harmonic distortion is 

improved at the same time. A constant switching frequency 

is maintained because of the application of the modulation 

stage. Simulation results verify the feasibility and 

effectiveness of the proposed controller. 

Index Terms—Matrix Converter, Stationary PI 

Controller, Current Forward Control, Steady-State Errors 

I. INTRODUCTION 

PI controllers are simple, easy to implement and have 

been widely employed in power converters and other 

industrial applications [1]. PI controllers, as used in a 

power electronic converter, are generally classified into 

three categories: synchronous reference frame (dq 

system), stationary reference frame (αβ system), and 

natural frame (abc system) based. Both αβ and dq based 

control methods require multiple frame transformations 

(Clark and/or Park) leading to the increased computation 

burden. Due to significant amplitude and phase tracking 

errors, stationary frame PI controllers are considered as 

unsatisfactory controllers. The reason for the steady-state 

errors in a stationary PI controller has been attributed to 

the fact that the stationary controller only offers a limited 

gain at nonzero frequencies [2], [3]. In contrast, the 

synchronous PI controller has been widely applied as it 

can achieve zero steady-state error because of the infinite 

gain at the DC signal provided by the integral term.  

However, the synchronous frame controller is more 

sophisticated than the stationary frame controller due to 

the complex transformations required (abc↔dq) to 

convert the controlled signals to DC quantities. They are 

also error prone to the noise in the synchronous reference 

signal detection which is usually captured using a phase 

locked loop (PLL). This introduces extra errors and 

becomes even worse for a single-phase system.  

Some modified PI controllers have been proposed in 

the literature. Some of these involve a feedforward 

controller. Feedforward control is simple in concept, 

robust and has good dynamic performance [4]. It is 

especially effective in handling a disturbance that can be 

measured. The stationary PI controller with a grid voltage 

feedforward path (shown in Fig. 1) was proposed in [5] 

for a grid-tied converter to improve the transient and 

disturbance rejection performance. However this scheme 

suffers from voltage background harmonics and stability 

problems [6]. 

A combined feedforward-feedback controller, as 

shown in Fig. 2, was proposed to improve the overall 

performance of the whole control system. A combined 

feedforward-feedback controller has been used in other 

fields such as chemistry and mechanical systems [7]-[11]. 

However, it has drawn little attention in terms of the 

power electronic converter.  

This paper investigates the combined feedforward-

feedback PI controller for a three-phase direct matrix 

converter (shown in Fig. 3). The matrix converter is a 

promising converter thanks to various benefits it provides 

including bidirectional power flow, compact volume, 

sinusoidal waveform, direct conversion, and controllable 

input power factor [12]. Space vector modulation (SVM) 

is an effective and common control technique for the 

matrix converter. However, it is ineffective when the load 

is unknown as this method requires the output current in 

the modulation. A synchronous PI controller using SVM 

was proposed in [12] and [13] for a matrix converter to 

control the power flow in a transmission system. 

However, the issues associated with synchronous PI 

controllers persisted. 

 
Fig. 1. PI controller with a voltage feedforward path. 

 
Fig. 2. Combined feedforward and feedback controller diagram. 
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Fig. 3. Three-phase direct matrix converter system. 

 

The focus of this paper is to improve the steady-state 

error performance of the PI controller when controlling 

sinusoidal signals in the natural frame. The current 

reference is fed forward to the controller, which results in 

a combined feedforward-feedback controller. The 

controller is implemented in the natural frame, so the 

frame transformations are not needed. The SVM is 

employed as a modulator with which the constant 

frequency is maintained. Although the matrix converter is 

investigated as an example, the controller can be easily 

extended to other converters and applications. 

II. PI CONTROLLER WITH CURRENT FEEDFORWARD 

The combined feedforward-feedback controller is 

shown in Fig. 2, where the current reference is fed 

forward as a control effort. This will benefit the 

improvement of the steady-state error performance. 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 plant 

system of the inductive load. These are given by 
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This is then a two-degrees-of-freedom control system 

in which the closed-loop characteristics and the feedback 

characteristics can be regulated independently to improve 

the overall response performance of the whole control 

system [14]. 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. By substituting (3) into (2), 
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is obtained. In order to derive the amplitude and phase 

responses of the error E(s), s is substituted by jω. 

Therefore, the amplitude and phase angles are obtained 

from: 
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According to (5) and (6), the amplitude and phase 

angle of the error will have a minimum value when K = R 

while other parameters are fixed. The introduction of the 

feedforward controller K offers extra flexibility to tune 

the steady-state error performance. The amplitude and 

phase responses for different values of K are depicted in 

Fig. 4. Here, the parameters used are: Kp = 10, Ki = 1, R = 

20 Ω, L = 15 mH, ωc =120π rad/s. As can be seen from 

the figure, the amplitude response for K = R is particularly 

distinct from others and it has the minimum level of the 

amplitude response for the whole frequency domain. 

According to this, a correct selection of K can help reduce 

the steady-state error. Therefore, the proposed PI 

controller with current feedforward for controlling the 

matrix converter output currents is shown in Fig. 5. 

 

 

Fig. 4. Amplitude and phase responses of E(s) for different values of K. 

 

 

Fig. 5. Proposed PI current controller with current reference 
feedforward for matrix converter. 

 



 

This controller is implemented in the natural abc frame 

(stationary) which does not require any frame 

transformations. Therefore, the complexity and 

computation burden is alleviated. The controller generates 

the voltage references which will be utilized in the SVM 

to control the matrix converter. The SVM is described in 

the next section. 

III. INDIRECT SVM FOR THE MATRIX CONVERTER 

A modulation stage is required in the proposed control 

strategy to control the matrix converter. SVM is a 

developed modulation technique and it is adopted here. 

There are two ways to implement the SVM for the 

controller: direct and indirect methods [3].  

In the direct method, the PI controller forms a current 

loop and generates output voltage references based on the 

output current errors (reference - actual). The matrix 

converter input current references are specified according 

to the system requirements. Then output voltage and input 

current references are directly used in the SVM to 

generate gating pulses for the semiconductor switches in 

the matrix converter [13].  

In the indirect method, SVM is divided into virtual 

inversion and rectification modulation stages. In the 

virtual inversion modulation stage, the PI controller and 

SVM (for the inverter only) are used to generate gating 

pulses for the semiconductors switches in the virtual 

inverter. The 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 matrix converter [12]. In this 

work, the indirect method is employed. 

In indirect SVM, the virtual DC link, shown in Fig. 6, 

is used to connect the virtual voltage source rectifier 

(VSR) and the virtual voltage source inverter (VSI). It is 

worth noting that the virtual DC link does not really exist 

in the matrix converter. It is only used for explaining the 

modulation technique. By applying SVM to each stage, 

and then combining them, the overall indirect SVM for 

the matrix converter can be derived. 

 

 

Fig. 6. Indirect SVM illustration with virtual DC link. 

A. SVM for the Virtual Rectifier 

In the VSR, the control objectives are the input 

currents. In SVM, the currents in the three-phase system 

can be transformed into space vectors using: 
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where x1,2,3 are the variables in the three-phase system; α 

= e j(2π/3) and α2 = e j(4π/3); xs is the corresponding space 

vector after the transformation. From Fig. 6, the input 

currents can be controlled by controlling the switch 

matrix: 
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TABLE I 

 POSSIBLE SWITCH STATES FOR THE VSR 

 
 

 
Fig. 7. (a) VSR current space vectors hexagon, (b) space vector 

synthesis. 

 



In (8) and (9), each switch element can have two 

different values (1 for on state and 0 for off state). In 

order to exclude the switch states that short circuit the 

input voltage sources, the constraints of SPA+SPB+SPC = 1 

and SNA+SNB+SNC = 1 have to be applied. 

There are nine possible switch combinations which 

correspond to nine current vectors generated by the DC 

link currents. These include six non-zero vectors and 

three zero vectors (tabulated in Table I) and they form a 

vector hexagon (shown in Fig. 7. (a)). The desired current 

vectors are synthesized with a combination of these 

vectors depending on its sector location. In each sector, 

two adjacent non-zero vectors and one zero vector are 

used to synthesize the desired vector as shown in Fig. 7. 

(b). For example, if the desired current vector is located in 

sector ①, then IR1, IR6 and a zero vector will be selected 

in the corresponding switching cycle. The prescribed 

working time for each vector is calculated using  
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where tRδ and tRγ are the times for the application of non-

zero vectors; tR0 is the time for the application of zero 

vectors; Ts is the switching period; and mi is the VSR 

modulation index.  

B. SVM for the Virtual Inverter 

In VSI, the control objective are the output voltages. 

As shown in Fig. 6, the output voltages can be regulated 

by controlling the switch matrix in: 
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Here the constraints of SPa+SNa = 1, SPb+SNb = 1 and 

SPc+SNc = 1, are applied to avoid the switch states that 

open circuit the inductive loads. 

Therefore, there are eight possible switch 

combinations, thus eight voltage vectors, and they are 

tabulated in Table II and shown in Fig. 8. (a). Like the 

description above for the VSR, the working time for the 

vectors is calculated using 
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where tIα and tIβ are the times for the applications of non-

zero vectors; tI0 is the time for the application of zero 

vectors and miv is the VSI modulation index. The selection 

of the zero vectors in both SVMs should benefit the 

reduction of switching actions, thus switching losses. 

C. Overall Modulation 

Combining the VSR and VSI stages, the overall SVM 

for the whole matrix converter can be obtained. Based on 

(8), (9), (14) and (15) the switch matrix S can be derived 

as: 
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TABLE II 

POSSIBLE SWITCH STATES OF THE VSI 

 
 

 
Fig. 8.  (a) VSI voltage space vectors hexagon, (b) space vector 

synthesis. 
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Every element in the 3 by 3 matrix in (20) corresponds 

to one switch in the matrix converter. For example, the 

first element SAa indicates the connection of the input 

phase A to the output phase a. This is equivalent to the 

connection of A to a through (SPA and SPa) or through (SNA 

and SNa), as shown in Fig. 6. Applying the same rule, the 

switch states of the matrix converter can be determined. 

Hence the corresponding times of tγα, tδα, tγδ, tIβ and t0 in 

the matrix converter are given by 
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where 0 ≤ θR (θI) ≤ π/3 is the angle between the desired 

space vector IRS (VIS) and the right-hand adjacent vector 

IRγ (VIα); m = mi×mv is the modulation index. Therefore, 

the input currents and output voltages of the matrix 

converter can be controlled. 

 

 
Fig. 9. Proposed controller diagram for the matrix converter. 
 

TABLE III 

SIMULATION SYSTEM PARAMETERS 

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

100 50 4.8 0.5 6 15 20 

IV. SIMULATION RESULTS 

According to above analyses of the PI controller and 

SVM modulation, the proposed PI controller with current 

feedforward for the SVM modulated matrix converter can 

be designed as shown in Fig. 9. Simulation results are 

presented in this section. Simulation parameters are 

tabulated in Table III. The parameters used in the PI 

controller are Kp = 300 and Ki = 10. 

 
(a) 

 
(b) 

Fig. 10. Simulation results of the PI controller without current 
feedforward: (a) steady-state output currents and errors and (b) THD 

analysis of the currents. 

 

 
(a) 

 
(b) 

Fig. 11. Simulation results of the PI controller with current feedforward: 

(a) steady-state output currents and errors and (b) THD analysis of the 

currents. 
 



 
Fig. 12. Matrix converter input phase current and voltage. 

 

 
Fig. 13. Transient performance of the proposed controller. 
 

Comparative simulation results are shown in Fig. 10 

and 11. Fig. 10 shows the steady-state results for the 

normal PI controller without current feedforward. The 

obvious steady-state error appears in the waveform. The 

reference peak current is 3 A, while the regulated current 

peak only reaches 2.8 A with a total harmonic distortion 

(THD) of 6.22 %.  

In contrast, the steady-state error performance is 

significantly improved with the current feedforward (K = 

R = 20 while Kp and Ki are kept same as before), as shown 

in Fig. 11. The steady-state current amplitude reaches 

2.99 A and the THD is reduced to 5.36 % at the same 

time. By comparing Fig. 10(b) and Fig. 11(b), it can be 

seen that both low-order and high-order harmonics are 

appreciably reduced.  

The matrix converter input voltage and current of 

phase A are shown in Fig. 12. As seen in this figure, the 

matrix converter current is almost in phase with the input 

voltage. A small phase shift is caused by the input filters, 

due to the fact that the input current is controlled in the 

open loop approach. The transient performance of the 

proposed controller is shown in Fig. 13. This result shows 

fast-dynamic response of the proposed controller. It is 

worth mentioning that the modulation index of the matrix 

converter influences the controller performance. This can 

be observed in Fig. 13 where different current amplitudes 

correspond to different modulation indexes. 

V. CONCLUSIONS 

A modified PI controller with current feedforward is 

proposed in this paper for a matrix converter to improve 

the steady-state error performance of the PI controller. 

The introduction of the feedforward control provides an 

extra freedom to improve the steady-state error 

performance. Analytical results show that the optimal 

performance can be achieved when K = R. The SVM 

modulation stage is employed to control the matrix 

converter. The proposed controller is simple and it does 

not require reference frame transformations. Constant 

switching frequency is achieved because of the 

modulation stage. Simulation results and comparative 

study verify the effectiveness of the proposed controller. 

The proposed combined feedforward-feedback control 

technique can be readily extended to other power 

electronic converters and other PI control applications. 
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