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Abstract 

 
Reverse matrix converters, which can step up voltages, are suitable for applications with source voltages that are lower than load 

voltages, such as generator systems. Reverse matrix converter topologies are advantageous because they do not require additional 
components to conventional matrix converters. In this paper, a detection method and a post-fault modulation strategy to operate a 
converter as close as possible to its desired normal operation under the open-switch fault condition in the rectifier stage are proposed. 
An open-switch fault in the rectifier stage of a reverse matrix converter causes current distortions and voltage ripples in the system. 
Therefore, fault-tolerant control for open-switch faults is required to improve the reliability of a system. The proposed strategy 
determines the appropriate switching stages from among the remaining healthy switches of the converter. This is done based on 
reference currents or voltages. The performance of the proposed strategy is experimentally verified. 
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I. INTRODUCTION 
AC-AC conversion of electric power is widely employed in 

industrial applications, such as adjustable-speed drives (ASDs). 
Back-to-back converters (BBCs), which are the most common 
converters used in systems, have a DC link that includes 
energy storage components, such as a bulky capacitor for the 
voltage DC link or an inductor for the current DC link. 
However, matrix converters (MCs) do not utilize intermediate 
energy storage elements. MC topologies have many desirable 
features, such as a high power factor, a sinusoidal input current, 
a bi-directional power flow, and a compact design because of 
the lack of DC-link energy storage components [1], [2]. 
Conventional direct matrix converters (DMCs), which have an 
array of m × n bi-directional power switches to connect an 
m-phase source to an n-phase load, achieve voltage and current 
conversion in a single stage. Another type of MC investigated 
is the indirect matrix converter (IMC) or two-stage matrix 

converter [3]. The functions of IMCs are equivalent to those of 
DMCs. 3×3 IMCs are made up of a front-end three-phase to 
two-phase current source rectifier (CSR) and a rear-end voltage 
source inverter (VSI). 

Despite these advantages, MCs have not yet gained much 
attention in industry because of several unsolved problems. 
The critical drawback of MCs is that the voltage transfer ratio 
between the input and the output has a maximum value of 86% 
in the linear modulation region. Several alternative topologies 
and modulation strategies have been designed to improve the 
voltage transfer ratio [4]-[6]. However, these methods require 
complex power circuits with complex control strategies. To 
boost the voltage without adding additional components, the 
reverse matrix converter (RMC) was presented in [7] and [8]. 
In these studies, it was determined that MCs can reverse the 
direction of power flow. In RMCs, the conventional voltage 
source stage is connected to a three-phase input source and the 
conventional current source stage is connected to a load.  

Research to improve the reliability of systems using power 
converters has become increasingly important [9]-[12]. 
Systems that use switching devices must diagnose switching 
device faults and maintain their operation based on 
fault-tolerance controls. Methods for detecting open-switch 
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faults in matrix converters are proposed in [13]-[15]. To detect 
and compensate for open-switch faults, additional components 
such as sensors and switches are used. 

 This paper proposes a detection and fault-tolerance control 
strategy based on a carrier-based PWM method for 
open-switch rectifier faults in an RMC. Open-switch faults are 
detected by using the current vector angle, and faulty switches 
can be identified by the phase angle. Then, the fault-tolerant 
control can be applied by simply revising the switching vector. 
The proposed tolerance control operates the RMC as close as 
possible to its desired normal operation. This method is easily 
implemented without adding any external components. 
Simulations and experiments are conducted to evaluate the 
performance and characteristics of the proposed fault detection 
and fault-tolerance control. 

 

II. REVERSE MATRIX CONVERTER 
Generally, MCs are used in the buck mode operation. With 

this structure, the voltage transfer ratio cannot exceed 0.866 
in the linear modulation region. RMCs can boost voltage 
without adding components to the conventional MC, and they 
allow inversion of the direction of power flow. 

In an RMC, the traditional voltage source stage is 
connected to a three-phase input source and the traditional 
current source stage is connected to a load. Thus, the voltage 
source rectifier (VSR) acts as an active front-end rectifier. 
The zero voltage vector is applied to the VSR to boost the 
input voltage. The current source inverter (CSI) is modulated 
in the same way as the virtual DC-link voltage, which results 
in maximum output line-to-line voltages. This topology 
consists of a VSR and a CSI as shown in Fig. 1. The three 
phases of the source, designated as Vr, Vs and Vt, are 
connected to switches. The three load-side terminals are Va, 
Vb and Vc. Filters are connected between the switches and the 
load. Like any other converter, matrix converters needs to be 
protected against the over-voltages and over-currents that 
might be destructive to their semiconductor devices. A 
protection circuit is made up of six diodes and a capacitor. 

The boosting operation is explained as follows. The first 
state is called a “zero vector” and the control unit turns on or 
off all of the switches Srp, Srp, and Stp. Accordingly, the 
R-phase, S-phase, and T-phase of the source are 
short-circuited via the inductors. As a result, the short-circuit 
current flows and the inductors store energy in the form of a 
magnetic field as shown in Fig. 2(a). Next, the other 
switching states are referred to as “active vectors.” For 
example, the control unit turns off the switch Srp and turns on 
the switch Srn. Accordingly, the current is forced to flow 
through the ON switches and load as shown in Fig. 2(b). As a 
result, the total voltage available across the capacitor 
becomes larger than the source voltage by the EMF induced 
in the inductors. The capacitor voltage exceeds the source  

 
 

Fig. 1. Circuit of the reverse matrix converter system. 
 

 
 

(a)  
 

 
 

(b)  
 

Fig. 2. Example of current paths of RMC for switching states (a) 
zero vector and (b) active vector. 

 
voltage. As a result, the circuit acts as a boost chopper and 
the energy stored in the source inductors is released to the 
capacitors as electric energy. In this way, the control unit 
controls the switches to establish a current path from the 
source inductors to the filter capacitors. The commutation of 
the inverter stage can happen during the time when the zero 
vectors in the rectifier stage are applied to synthesize the 
reference input voltage vectors. Therefore, the rectifier stage 
can be switched to a free-wheeling state. Then the inverter 
stage can commutate with the zero dc link current. This has 
the added benefit of a reduction in the switching losses in the 
inverter stage by applying the zero dc link current 
commutation. Various modulation strategies can be applied to 
the RMC. However, a carrier-based PWM method is adopted 
in this paper [16]. 

 

III. OPEN-SWITCH FAULT ANALYSIS 
The input and output of the MC are connected directly via 

semiconductor switches. Thus, distortions of the input are 
transmitted directly to the output waveforms. When an 
open-switch fault occurs in the rectifier stage, the input 
current, the DC-link voltage, and the output-side currents are 
distorted. An RL load composed of three resistors and three 
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inductors is used to demonstrate the proposed scheme. All 
open switch faults can distort the current in the rectifier and 
inverter stages of a reverse matrix converter. An open-switch 
fault in the R-phase leg is considered as an example in the 
following analysis. 

Fig. 3 shows the waveforms when an open-switch fault 
occurs. Sxp in the upper switch fault prevents the partial zero 
vector state, where x (r, s, t). This means that the paths of the 
x-phase current are blocked, as indicated by the interval in 
Fig. 3. In such a case, the valid switching state “zero vector” 
is no longer possible, and the distorted x-phase current is in 
the interval of the blocked paths when the power factor of the 
rectifier is unity. The Sxp open-switch fault makes the inner 
circuit of the rectifier into an open circuit. In addition, the 
fault blocks the partial “active vector” switching state and 
affects the negative current, and the positive current remains 
nearly sinusoidal. Consequently, open-switch faults in the 
rectifier distort the current and voltage in the source and other 
sides. 

The R-phase current is distorted in certain sections. Fig. 4 
shows the voltage vector and its switching states in the 
dq-plane. The upper switch is on if it is a ‘1’, and the lower 
switch is on if it is a ‘0’. The vectors are listed in the R, S, 
T-phase order. Thus, the vector V1(100) indicates that the 
switches Srp, Ssn, and Stn are in the on state at the same time.  

If the switch Srp is in the faulty state, the waveforms are 
distorted when Srp is turned on and current flows in the 
negative direction. When the vector is on sectors 1 and 6, 
current flows through the diode Drp or the switch Srn, 
regardless of the switching state of switch Srp. The fault type 
is classified into two groups: type 1, the zero vector region; 
and type 2, the zero and active vector region. 

 

IV. PROPOSED FAULT-DETECTION AND TOLERANT 
CONTROL METHOD 

 

There are six different current angle patterns cause by 
open-switch faults at different locations in a rectifier. The 
proposed detection method considers the current angle in the 
rectifier stage caused by an open-switch fault. 

A. Fault Detection Method 
The rectifier of an RMC is similar to the convectional 

PWM rectifier. Therefore, the conventional fault detection 
method for PWM rectifiers, presented in [9], can be 
employed. This method uses the derivative of the current 
vector angle to accurately determine the faulty switch. 

In an examination of the fault detection method used by the 
rectifier of the RMC, it is assumed that an open-switch fault 
occurs in Srp in an upper switch of the R-phase. Additionally, 
it is assumed that the input current provides a close-to-unity 
power factor and that power flows from the source to the 
load.  

 
(a)  

 
(b)  

 
(c)  

Fig. 3. (a) Input current, (b) voltage and (c) dc-link voltage under 
open-switch fault at Srp. 
 

 
 

Fig. 4. Space voltage vector and switching states. 
 

 
 

Fig. 5. Three-phase current and angle before and after the 
open-switch fault in Srp. 

 
The proposed fault detection method includes two steps. 

First, the input current vector angle is estimated. The current 
angle can be derived through the current of the stationary 
two-axis reference frame by following; 
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Under normal conditions, the derivative of the input 
current vector angle is always constant and is equal to the 
source frequency times the sampling period. When a fault 
occurs in a switch, the derivative of the input current vector 
angle is distorted in certain sections. Thus, it is possible to 
detect whether an open switch fault occurs or not.  

Second, the regions where the distorted angle occurs can 
identify the faulty switch. In the case of an open-switch fault 
in switch Srp, the derivative of the input current vector angle 
is nearly zero at π/2 ~ 2π/3 and 4π/3 ~ 3π/2, as shown in Fig. 
5. Table I shows the fault detection regions in which there 
was distortion. Thus, the fault can be identified as a switch 
Srp open fault. 

Utilizing a similar approach, it is possible to detect a faulty 
switch in the rectifier stage and to identify it as an 
open-switch fault. If multiple open-switch faults occur, it can 
be directly applied to the proposed diagnosis method. For 
example, it can be assumed that an open-switch fault occurs 
in Srp and Srn of the R-phase at the same time. In such a case, 
the distortion of the current angle is nearly zero at π/3~2π/3 
and 4π/3~5π/3. This range shows an overlay in the range of 
the current distortion caused by the fault of the switches in 
Table I. Therefore, it is possible for the multiple open-switch 
faults to be diagnosed in the same way. 

Fig. 6 shows a flowchart of the proposed open-fault 
detection method. The threshold values Cth and Nth have been 
chosen in accordance with the experience of the experimental 
work. 

B. Fault-Tolerant Control Strategy 
Implementation of the proposed fault-tolerant strategy 

involves replacement of the most appropriate switching states 
and calculation and their corresponding duty cycles.  

Fig. 7 shows the sequence and the application time for all 
of the upper switches in the rectifier stage. To create the gate 
signal Gxp for the x-phase upper switch Sxp, two modulation 
signals Mx(y) and a carrier signal are needed where x∈ (r, s, t) 
and y ∈ (1, 2). The x-phase lower switch state is 
complementary to that of the upper switch. 
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where, vdc is the average value of the DC-link voltage in one 
sampling period, the vx

* values are the reference input phase 
voltages of the source, and vsn

* is the offset voltage. dα is the 
duty cycle of the inverter stage in the RMC. It is used to 
synchronize the switching of the rectifier stage and the 
inverter stage. 
 

TABLE I 
LOCATION OF OPEN-SWITCH FAULTS 

Faulty  
switch Srp Ssp Stp 

Normal  
region 

3π/2 ~ 2π 
0 ~ π/2 π/6 ~ 7π/6 5π/6 ~ 11π/6 

Type 1  
region 2π/3 ~ 4π/3 4π/3 ~ 2π 0 ~ 2π/3 

Type 2  
region 

π/2 ~ 2π/3 
4π/3 ~ 3π/2 

0 ~ π/6 
7π6 ~ 4π/3 

2π/3 ~ 5π/6 
11π/6 ~ 2π 

Current  
angle 

   
Faulty  
switch Srn Ssn Stn 

Normal  
region π/2 ~ 3π/2 7π/6 ~ 2π 

0 ~ π/6 
11π/6 ~ 2π 
0 ~ 5π/6 

Type 1  
region 

5π/3 ~ 2π 
0 ~ π/3 π/3 ~ π π ~ 5π/3 

Type 2  
region 

π/3 ~ π/2 
3π/2 ~ 5π/3 

π/6 ~ π/3 
π ~ 7π/6 

5π/6 ~π 
5π/3 ~ 11π/6 

Current  
angle 

   
 

 
 

Fig. 6. Flowchart of the proposed open-fault detection. 
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From eq. (2), the gate signal Gxp can be obtained by: 

1 2

1

0
x( y ) tri

x( y )
x( y ) tri

xp x( ) x( )

,          M M ,
G

,         M M ,

G G XOR G .

≥=  <

=

         (3) 

Type 1: When an open-switch Srp fault occurs in the rectifier 
stage, in the region of 2π/3 ~ 4π/3, the errors between the 
desired voltages and the actual voltages increase because the 
zero vector V7(111) is converted into an active vector 
V4(011). Thus, this situation can be resolved by replacing the 
zero vector V7(111) with another zero vector V0(000). The 
fault can be perfectly compensated with a duty cycle of the 
active vector that is the same as the conventional one.   

After the detection of a fault, the modulation signals are 
revised to: 

 
1 1 1

2 2 2

x( ) x( )

x( ) x( )

M ' M ,
M ' M

α

α

= +

= −
         (4) 

where: 
1 1 2 21 r( ) r( )M , M .α α= − =  

Fig. 7 shows the revised switching states for the proposed 
fault-tolerant method. In this case, the sequence of switching 
is changed from V7(111)-V4(011)-V5(001)-V0(000) to 
V4(011)- V5(001)-V0(000). 
Type 2: When an open-switch Srp fault occurs in the rectifier 
stage, in the region of π/2 ~ 2π/3 or 4π/3 ~ 3π/2, the 
waveforms of the current are significantly distorted. In this 
case, the vectors V6(101) and V7(111) are converted into 
V5(001) and V4(011), respectively. In the first step, V7(111) 
can be replaced by V0(000) in a similar way to that used for 
type 1 faults. Next, the V6(101) vector can be replaced by the 
nearest available vector based on the reference voltage vector 
by projecting it orthogonally onto vector V5(001), as shown 
in Fig. 8. Thus, the application time for the vector V5(001) is 
added to half of the application time of V6(101). Finally, the 
modulation signals are revised as follows; 
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1 1 1 2 2 2

1 1 1 1 2 2 2 22 2
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M , M M .

α β

α β
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Fig. 9 shows the revised switching states for the proposed 
fault-tolerant method. In this case, the sequence of switching 
is changed from V7(111)-V6(101)-V5(001)-V0(000) to 
V5(001)- V0(000).  

 

V. SIMULATION AND EXPERIMENTAL RESULTS 
To verify the efficiency of the proposed method, a 

simulation and experimental test bed has been developed. The 
simulation studies are conducted in the PSIM software  

 
 

Fig. 7. Revised switching states for type 1 fault. 
 

 
Fig. 8. Reference and compensated voltage vector. 
  

 
Fig. 9. Revised switching states for type 2 fault. 
 
environment. The system introduced in Section II was built, 
and Fig. 10 shows actual pictures of the power converter and 
control unit. The two-pack IGBT module (Hivron, 
X2G50SD12P1), which consists of two IGBTs and two 
antiparallel diodes, is used to configure the rectifier stage. The 
system is controlled by a control unit, which is implemented 
with a DSP (TI, TMS320C28346), an FPGA (Xilinx, 
XC6SLX45CSG324), and other peripheral circuits. The input 
of the converter is connected to the grid through a three-phase 
variac. An LC filter is connected at the output side of the 
converter to attenuate the harmonics, and a clamp circuit is 
used to protect the switch devices. Details of the system 
parameters are shown in Table II. Referring to the vector 
control block diagram in Fig. 11, two PI controllers are used  
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TABLE II 
SYSTEM PARAMETERS 

Filter capacitors speed 
Filter inductors 

R-L load 
Sampling period 

Switching frequency 

7 μF 
1.3 mH 

10 Ω/1 mH 
100 μs 
20 kHz 

 

 
(a)  

  
(b)                        (c) 

Fig. 10. Experimental set of RMC (a) power board, (b) control 
board and (c) sensors, etc.  
 

 
Fig. 11. Block diagram of the control scheme for the RMC system.  
 
for controlling the current of the source and the load. 

Fig. 12 and Fig. 13 show the simulation and experimental 
steady-state waveforms with the carrier-based PWM strategy. 
The reference current at the output is constant. The voltage at 
the load side is larger than the voltage at the source side. The 
phase currents and voltages are roughly sinusoidal. 

Fig. 14 and Fig. 15 show the simulation and experimental 
results of an RMC operating with the proposed fault detection 
method when the switch Srp in the rectifier stage is subjected 
to an open-circuit failure. If the current is large, the distortion 
of the current is remarkable. In this case the fault diagnosis is 
easy. In this paper, experiments were performed by selecting 
the magnitude of an appropriate current, and the performance  

 
Fig. 12. Simulated waveforms of RMC with boosting operation.  
 

 
 

Fig. 13. Experimental waveforms of RMC with boosting 
operation.  
 

 
Fig. 14. Simulated waveforms with the proposed fault detection 
method. 
 

 
 

Fig. 15. Experimental waveforms with the proposed fault detection 
method. 

 
of the proposed method under a large current was verified 
using simulation results. An open-switch fault is detected 
based on the monitoring of the input currents. The two-step 
algorithm is developed to identify faulty switches. If the  
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(a)              (b)                (c) 

Fig. 16. Simulated waveforms with (a) normal condition, (b) switch Srp open-fault condition and (c) fault-tolerant control.  
 

 
(a)                        (b)                (c) 

Fig. 17. Experimental waveforms with (a) normal condition, (b) switch Srp open-fault condition and (c) fault-tolerant control.  
 

 
(a)                        (b)                (c) 

Fig. 18 Experimental harmonic spectrum of the three-phase input currents (a) normal condition, (b) switch Srp open-fault condition and (c) 
fault-tolerant control. 
 
switch Srp is faulty, then the R-phase current will become 
distorted, which causes distortions in the output voltage and 
current. The variation in the current angle is not kept constant 
in the distorted regions. In this case, the current angle is 
nearly zero in the π/2 ~ 2π/3 and 4π/3 ~ 3π/2 regions. Thus, 
the faulty switch can be identified as the switch Srp using the 
flowchart in Fig. 6.  

The effectiveness of the proposed strategy can be verified 
by Fig. 16. It shows the three-phase input currents, output 
currents and output voltages both before and after applying 
the fault tolerant control when the switch Srp open-fault 
occurs in the rectifier stage. 

When the proposed fault-tolerant strategy is activated, the 
distortion in the three-phase input currents is reduced. During 
the fault-tolerant operation, a revised switching state is  

TABLE III 
EXPERIMENTAL RESULT 

Condition  Normal  Open-switch  
fault  

Fault-tolerant  
method  

current  
THD [%] 

ir 2.7 36.4 19.5 

is 3.1 25.9 17.8 

it 3.3 16.3 17.3 

power factor 0.99 0.92 0.97 
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applied such that the error in the input current is minimized. 
The corresponding experimental results are presented in Fig. 
17. It can be seen that they closely match the simulation 
results. 

To investigate the performance of the proposed strategy in 
terms of power quality, the harmonic spectrum (FFT: Fast 
Fourier Transform), the total harmonic distortion (THD) 
content of the input currents, and the power factor when the 
converter operates under normal and faulty conditions both 
with and without the proposed tolerant control are presented 
in Fig. 18 and Table III. It can be seen that the third harmonic 
is present for the open-switch faults. This third harmonic 
results from the interaction of the fundamental frequency 
current in the source and the negative sequence current in the 
input phases. Therefore, the location of the open circuit fault 
is based on detecting the input current. As shown in the Fig. 
18 and Table III, by employing the proposed fault-tolerant 
strategy, the harmonic spectra, the THD content of the input 
current, and power factor under an open-switch fault are 
significantly improved. 
 

VI.  CONCLUSION 
This paper proposed an open-switch fault-detection method 

and a fault-tolerant control strategy for the rectifier in a 
reverse matrix converter. The proposed detection method can 
identify which switch is in the open-switch fault state in the 
converter. Based on the replacement of the switching vector, 
the reverse matrix converter can compensate for the 
open-switch fault. The proposed method does not need 
additional components. Therefore, it is suitable for 
implementation in simple systems. Moreover, the proposed 
method improves the current THD and power factor at the 
input-side.   
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