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Abstract—The operation capability of the modular multilevel 

converter (MMC)-based static synchronous compensator 

(STATCOM) is limited under submodule (SM) failures. When 

running in the STATCOM mode, the floating dc-link voltage of 

the MMC is adjustable. Therefore, this paper proposes a novel 

fault-tolerant operation approach to enhance operation capability 

of the MMC under severe SM failures. Firstly, the dc-link voltage 

is dynamically regulated under SM failures, where the capacitor 

voltages of all SMs are slightly increased. The modulation ranges 

of the faulty and healthy phases can be enlarged, and the even 

voltage stress distribution can be realized. Then, a low-magnitude 

fundamental frequency zero-sequence voltage is injected to bal-

ance the line-to-line voltages. Finally, the virtual energy idea is 

proposed, where the capacitor voltages of faulty SMs are consid-

ered to be clamped at the reference value. As a result, the arm 

energy reference will be the same in all six arms, and the arm 

energy balancing control is simplified. Detailed comparisons show 

the proposed approach has an enhanced operation capability with 

lower capacitor voltage increment. Simulation and experimental 

results verify that even under severe SM failures, the proposed 

approach can still guarantee the fault-tolerant operation within 

the specified security region. 

 
Index Terms—Fault-tolerant operation, modular multilevel 

converter, operation capability, static synchronous compensator, 

submodule failure. 

I. INTRODUCTION 

EACTIVE power compensation can be applied to correct the 

power factor, thus improving power quality and reducing 

the power loss [1], [2]. With the fast response and low harmonic 

distortion, static synchronous compensators (STATCOMs) are 

widely adopted in medium- and high-voltage applications, such 

as power transmission [3], renewable energy power plants [4], 

and battery energy storage systems (BESSs) [5]. In recent years, 

the modular multilevel converter (MMC) has been recognized 

as an attractive topology for STATCOMs, because of its ad-

vantages of modularity, scalability, reliability, and excellent 

harmonic performance [6], [7]. However, the large number of 

SMs in the MMC also increases the possibility of potential 

switch failures. The misoperation of faulty SMs will cause 

overmodulation, affect the tracking accuracy of controllers, and 

even lead to secondary damage or system failure [8]. Therefore, 

it is necessary to study the fault-tolerant operation approach for 

the MMC-based STATCOM. 

The fault-tolerant control aims to guarantee the uninterrupted 

and stable operation of power converters with moderate per-

formance [9]. When an SM failure is detected, the SM is usu-

ally bypassed directly. There are two kinds of bypass opera-

tions. The first operation is to bypass the faulty SMs [7], and the 

second one is to bypass the faulty SMs and the same number of 

SMs in other arms [10]. The second scheme has asymmetric 

output characteristics, but the first scheme is more widely 

applied due to its full use of healthy SMs. When the faulty SM 

is bypassed, the fault-tolerant control approach can be applied. 

Generally, fault-tolerant control methods of the MMC can be 

categorized into the voltage reference adjustment (VRA) 

-based methods, special modulation technique and hardware 

(SMH)-based methods, and redundant-SM-based methods. 

For the VRA-based methods, the fundamental frequency 

zero-sequence voltage (FF-ZSV) injection is usually applied 

[11]. Through injection of the FF-ZSV, three-phase voltage 

references are adjusted according to their modulation margins. 

The third harmonic voltage (THV) can also be injected to lower 

the amplitude of three-phase modulation waves under SM 

failures [12]. In addition, an improved fault-tolerant control 

method based on the FF-ZSV injection and dc neutral shift is 

proposed in [13], and an extended operation region is obtained 

under multi-phase SM failures. An irregular zero-sequence 

voltage is injected in [14], and higher attainable line-to-line 

voltages can be obtained in multilevel converters, compared 

with the FF-ZSV-based methods. However, when it is applied 

in the MMC, it will encounter circulating current distortion due 

to the unbalanced power between the upper and lower arms. 

For the SMH-based methods, reference [15] analyzes a se-

lective harmonic elimination (SHE)-based fault-tolerant con-

trol method for a single SM failure, where the magnitude of the 

fundamental frequency component is guaranteed. The SHE- 

based method is further analyzed in [16] to deal with multi-fault 

conditions. In addition, a space-vector-based fault-tolerant 

control method is proposed in [17]. The special-modulation- 

based methods are usually suitable for applications with a small 
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number of SMs, and the complexity of these algorithms in-

creases significantly with the number of SMs. In [18], a 

fault-tolerant control method based on redistributed pulsewidth 

modulation is designed for the MMC-based BESS. It is de-

signed to deal with a single SM failure, and the redundant SMs 

are necessary for this method. The overmodulation operation 

can also be used for fault-tolerant operation. Although the 

MMC is usually designed to operate within the linear region, 

the modulation reference can increase beyond its limit [7]. The 

overmodulation-based method in [19] shows that the MMC- 

based STATCOM presents a notable inherent tolerance in the 

overmodulation region. In addition, an improved SM topology 

with higher fault-tolerant operation capability is proposed in 

[20]. However, the modified SM topology requires a high 

additional cost and brings inconvenience for the manufacturer. 

The redundant-SM-based methods include the cold-reserve 

and hot-reserve-based methods. For the cold-reserve-based 

method, the redundant SMs are usually bypassed during normal 

operation conditions [21]. It has a reduced conduction loss and 

provides high availability of reserved SMs. However, the 

disadvantages in harmonic performance and capacitor voltage 

charging process in redundant SMs limit its application. For the 

hot-reserve-based method, the redundant SMs participate in the 

normal operation to obtain a better harmonic performance [22]. 

However, it also has a higher switching loss. To solve this issue, 

a fault-tolerant control method with rotating carriers is pro-

posed in [23], where the SMs take turns to work. Therefore, 

even if the faulty SMs are bypassed, the system can operate 

normally with symmetric characteristics. However, this process 

needs carrier exchanges, and both the SM utilization rate and 

harmonic performance are limited. To improve the harmonic 

performance during post-fault operation, the hot-reserve SMs 

take part in operation constantly, and the carrier frequencies are 

reconfigured in the faulty phase [24]. A redundant-SM-based 

method combining phase-shifted carrier (PSC) PWM and the 

sorting algorithm is proposed in [25], where the carrier recon-

figurations and SM voltage balancing control are avoided 

during fault-tolerant operation. Based on this, an improved 

method is proposed by adjusting the capacitor voltages ac-

cording to the grid voltage instead of the dc-link voltage, and a 

lower capacitor voltage increment can be obtained in each SM 

[26]. This method improves the fault-tolerant operation capa-

bility, especially in applications with a large number of SMs. 

To enhance the operation capability of the MMC-based 

STATCOM under SM failures, this paper proposes a novel 

fault-tolerant operation approach. Firstly, the capacitor voltages 

of all SMs are increased to enlarge the modulation range in the 

faulty and healthy phases. Then, the FF-ZSV is injected to 

generate balanced line-to-line voltages. Finally, the virtual 

energy idea is proposed to calculate the circulating current 

references for the arm energy balancing control. Compared 

with the conventional methods, the proposed approach can 

enhance the operation capability under severe SM failures. 

The rest of the paper is outlined as follows. Section II pre-

sents the topology of the MMC-based STATCOM and the 

conventional hot-reserve-based fault-tolerant control method. 

The proposed fault-tolerant operation approach is introduced 

and compared with the conventional methods in Section III. 

Simulation and experimental results are presented in Section IV 

and Section V, respectively, which verify the effectiveness and 

advantages of the proposed scheme. The main conclusion is 

summarized in Section VI. 

II. TOPOLOGY OF THE MMC-BASED STATCOM AND THE 

CONVENTIONAL HOT-RESERVE-BASED METHOD 

In this section, the topology of the MMC-based STATCOM 

is illustrated, firstly. Then, the conventional hot-reserve-based 

fault-tolerant control method is briefly introduced. 

A. Topology of the MMC-Based STATCOM 

As shown in Fig. 1, the MMC-based STATCOM contains 

three phases, each including the upper and lower arms. In each 

arm, there are (N+Nr) series-connected half-bridge (HB) SMs 

and an arm inductor Larm, where N and Nr are the numbers of 

normal and redundant SMs, respectively. The upper and lower 

arms are connected to the ac grid through filter inductors L. The 

equivalent resistances of Larm and L are defined as Rarm and R, 

respectively. Each SM will output the capacitor voltage vSMxjk if 

inserted and zero volts if bypassed. x indicates the arm position 

(x=u, l); j indicates the phase order (j = a, b, c); k indicates the 

SM order number (k = 1, 2, … , (N+Nr)). By the combination of 

SM output states, multilevel waveforms can be generated. 

Based on the circuit configuration, the output current and the 

circulating current of the MMC are defined as 

 ,  ( ) 2j uj lj cirj uj lji i i i i i     (1) 

where iuj and ilj are the arm currents of the upper and lower arms, 

respectively. 

According to the analysis in [26], the arm output voltage 

references in the upper and lower arms (u
* 

uj and u
* 

lj ) can be 

calculated based on the equivalent output voltage reference u
* 

j  

and the circulating current control reference u
* 

cirj 

 
* * * * * *2 ,  2uj dc j cirj lj dc j cirju v u u u v u u       (2) 

With the calculated u
* 

uj and u
* 

lj , the number of inserted SMs in 

 
Fig. 1. MMC-based STATCOM topology. 

`  

Fig. 2. Operation condition under SM failures in the upper arm (N=3, Nr =1). 
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each arm can be calculated.  

B. Conventional Hot-Reserve-Based Fault-Tolerant Control 

To realize the fault-tolerant operation, the redundant SMs are 

usually configured. For the conventional hot-reserve-based 

methods in [22], the redundant SMs participate in the normal 

operation. Therefore, the capacitor voltage in each SM is usu-

ally lower than the rated value. As a result, there will be enough 

space for the SM capacitor voltage increment when the SM 

failure occurs. More detailed configurations are as follows. 

The SM capacitor voltage under normal operation conditions 

should be 

 * ( )SM dc rv v N N   (3) 

The rated capacitor voltages can be expressed as 

 
*

_ .SM rated dcv v N  (4) 

Suppose there are three SMs and one redundant SM in each 

arm, the operation condition under SM failure in the upper arm 

is shown in Fig. 2, where uuj and ulj are the arm output voltages 

in the upper and lower arms, respectively; uj is the equivalent 

output voltage. When SM failures occur, the faulty SMs are 

bypassed, and the range of arm output voltage is reduced. To 

restore the normal range of arm output voltage, the capacitor 

voltages in the faulty arm should be increased to the value in (5), 

and the arm output voltage can recover to its normal range. 

 
*

_ ( )SM HR dc r fv v N N N    (5) 

where Nf is the number of faulty SMs. 

However, when the faulty SMs outnumber the redundant 

SMs, the healthy SMs cannot further increase their voltages, 

and the voltages are clamped to the rated value. In this condi-

tion, the converter enters the overmodulation region. 

Hereby, the redundant index and fault index are defined as 

 ,    r r f f r
n N N n N N   (6) 

where nr is the redundant index and nf is the fault index. 

To avoid overmodulation, the MMC-based STATCOM 

should operate within the following region 

 [0,1].fn   (7) 

Therefore, the maximum allowable fault index of the con-

ventional hot-reserve-based fault-tolerant control method is 1. 

III. PROPOSED FAULT-TOLERANT OPERATION APPROACH 

Firstly, the proposed fault-tolerant operation approach is 

presented in this section. Then, its characteristics are compared 

with the conventional methods. 

A. Proposed Fault-Tolerant Operation Approach 

The overall control diagram of the MMC-based STATCOM 

is illustrated in Fig. 3. It mainly includes output current control 

and arm energy and circulating current control. Namely, the 

output current control is used to control the active and reactive 

current of the converter. The arm energy and circulating current 

control is used to balance the internal capacitor voltages and 

suppress the harmonics in circulating currents. In addition, in 

the modulation part, the carriers in the faulty arms need to be 

adjusted for better harmonic performance, as discussed in [24]. 

The main idea of the proposed approach can be divided into 

three parts, as shown in Fig. 3. Part I is the total energy regu-

lation, which is used to control the sum of all capacitor voltages 

together with dc-link voltage. Part II is the FF-ZSV injection, 

which is used to generate balanced line-to-line voltages. Part 

III is the arm energy regulation, which is used to balance the 

capacitor voltages between each arm. 

To better demonstrate the characteristics of the proposed 

approach, a phasor diagram analysis with one SM failure in 

phase a is illustrated in Fig. 4. Figs. 4(a), (b), and (c) show the 

phasor diagram of normal operation conditions, SM failure 

conditions, and fault-tolerant operation conditions, respectively. 

In the figures, Va, Vb, and Vc are the three-phase output voltage 

vectors during normal operation conditions; V'a is the output 

voltage vector in phase a after SM failure; V''a, V''b, and V''c 

are the three-phase output voltage vectors of the fault-tolerant 

operation. When SM failures occur in phase a, the modulation 

range reduces accordingly. To realize fault-tolerant operation, 

the capacitor voltages in all SMs are increased together with the 

dc-link voltage, and the modulation ranges are enlarged, as 

indicated by the red dash circle in Fig. 4. Then, the FF-ZSV is 

injected with a lower magnitude, and the balanced line-to-line 

voltages can be generated. It is noted that after the injection of 

FF-ZSV, the magnitude of the modified output voltage phasors 

should be smaller than the maximum value in the figure. 

1) Principle of Part I and Part II  

Part I and Part II involve the average capacitor voltage 

adjustment and FF-ZSV injection. The value of capacitor 

voltage increment and the magnitude of injected FF-ZSV are 

analyzed as follows. The following analysis takes SM failures 

in the upper arm as an example. When SM failures occur, the 

maximum output phase voltage depends on the healthy SMs in 

the healthy arm. Suppose there are Nf SM failures in the upper 

arm, the maximum arm output voltage and the maximum 

 
Fig. 3. Overall control diagram of the MMC-based STATCOM. 
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output voltage in the faulty phase should be 

 
_ max

_ max

( ) ( )

( ) (2 2 )

uf r f dc r

f r f dc r

u N N N v N N

u N N N v N N

   


   

 (8) 

where uuf_max is the maximum arm output voltage and uf_max is 

the maximum output phase voltage under SM failures. 

As shown in Fig. 4, to enlarge the modulation ranges, the 

capacitor voltages in all SMs will increase to the same value as 

 *

_ ( )SM PR dc rv v N N   (9) 

where λ is the increasing index of capacitor voltages and v
* 

SM_PR 

is the capacitor voltage reference of the proposed approach. 

Correspondingly, the dc-link voltage will also increase to 

 *

_ .dc PR dcv v  (10) 

where v
* 

dc is the dc-link voltage of the MMC-based STATCOM. 

Substituting (9) into (8), the maximum arm output voltage 

and maximum output voltage in the faulty phase will be 

 
_ max

_ max

( ) ( )

( ) (2 2 )

uFT r f dc r

FT r f dc r

u N N N v N N

u N N N v N N





   


   

 (11) 

where uuFT_max and uFT_max are the maximum arm output voltage 

and the maximum output phase voltage under fault-tolerant 

operations, respectively. 

With the increased capacitor voltages in all the healthy SMs, 

the modulation ranges are enlarged in both the faulty and the 

healthy phases. To generate balanced line-to-line voltages, the 

FF-ZSV injection with a lower magnitude is required. The 

injected FF-ZSV should meet the constraint that the magnitude 

of the equivalent output voltage in phase a should be the same 

as the original value (MA′=AA′). Therefore, the magnitude of 

the required FF-ZSV injection V0 can be expressed as 

 
0 2 ( ) 2( ).dc r f dc rV v N N N v N N      (12) 

As shown in Fig. 4, the maximum amplitude of the normal 

output voltage is vdc/2. Then, the magnitude of CH is equal to 

vdc/4, and the magnitude of HO is equal to √3vdc/2. With the 

above FF-ZSV injection, the amplitude of the final output 

voltage references in other healthy phases can be expressed as 

 

   
2 2

22
( ) 3

0.75 .
2( ) 4

b c

r f dc

dc dc

r

V V OB OC HC OH

N N N v
v v

N N



      

    
          

 (13) 

To avoid the overmodulation, the modulation waves should 

be within the modulation range. Hence, the amplitude of the 

modulation wave in the healthy phases should meet the con-

straint 

 2.b c dcV V v   (14) 

Substituting (13) into (14), the minimum increasing index λ 

under different SM failure conditions can be calculated as (15). 

 

 
 

2 2

2

3 ( , ) 9 ( , ) 12 1 ( , )

2 1 ( , )

( , ) ( ) ( )

r f r f r f

r f

r f r f r

F N N F N N F N N

F N N

F N N N N N N N



    
 




   

(15) 

With the calculated λ, the magnitude of injected FF-ZSV 

can be derived by substituting (15) into (12), and the final 

reference in Part II can be expressed as 

 
0 0 cos( )u V t  (16) 

where ω is the grid frequency. 

To effectively control the capacitor voltages of all SMs and 

the dc-link voltage in Part I, the stored total energy needs to be 

regulated in the MMC-based STATCOM. Based on the capac-

itor voltage references in (9), the reference value of the stored 

total energy in all capacitors can be expressed as 

 
* 2

*

* 2

_

6( ) ( ) 2;       No SM failure
.

6( ) ( ) 2;  SM failure
r SM

r SM PR

N N C v
E

N N C v

 
 



 (17) 

In Part I, proportional-integral (PI) controllers are applied 

to calculate the circulating current references, thus regulating 

the stored total energy [19]. Then, PI controllers are used to 

control the output current [19]. Finally, the FF-ZSV is injected 

in Part II to generate balanced line-to-line voltages. Thereby, 

the total energy and output currents can be controlled. 

2) Virtual energy idea 

It is noted that under fault-tolerant operation conditions, the 

stored energy in the faulty SM needs to be excluded from the 

system, and the arm energy balancing between the faulty and 

healthy arms could be quite complicated due to the different 

arm energy references. 

To avoid complicated references configurations, the virtual 

energy idea is proposed in this paper. Based on this idea, a 

uniformed arm energy reference can be adopted in each arm, 

and the arm energy balancing process can be greatly simplified. 

For the virtual energy idea, the energy in the faulty SM is 

considered to be the same as the reference value, and its in-

fluence on the arm energy can be eliminated. Meanwhile, the 

virtual arm energy in each arm can be defined as 

 * 2 2

1,_( ) 2+ 2
uj

N Nr
k kuj f SM PR SMujkE N C v Cv
    (18) 

 * 2 2

1,_( ) 2+ 2
lj

N Nr
k klj f SM PR SMljkE N C v Cv
    (19) 

 
Fig. 4. Phasor diagrams of the proposed fault-tolerant operation approach (N=3, 

Nr =1). (a) Normal operation condition, (b) one SM failure condition in phase a, 

and (c) the fault-tolerant operation condition. 
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where vSMujk and vSMljk are the capacitor voltages in the upper 

and lower arms, respectively; Ωuj and Ωlj are the order number 

sets of the faulty SMs in the upper and lower arms, respectively. 

Euj and Elj (j=a, b, c.) are the virtual arm energy in the upper and 

lower arms, respectively. 

Based on (18) and (19), the stored virtual total energy E can 

be defined as 

 
, ,

( ).uj lj
j a b c

E E E


   (20) 

The stored virtual total energy E will be used for the total 

energy regulation in Part I and the average energy calculation 

in each phase in Part III. The virtual arm energy Euj and Elj will 

be used for the arm energy regulation in Part III. 

3) Principle of Part III 

During the fault-tolerant operation, the arm energy will be 

unequally distributed, which is analyzed as follows. Suppose 

the output currents of the MMC-based STATCOM are 

 

cos( )

cos( 2 / 3 )

cos( 2 / 3 )

a p i

b p i

c p i

i I t

i I t

i I t

 

  

  

  


  
   

 (21) 

where Ip and φi are the amplitude and phase angle of the output 

currents, respectively (φi=π/2 or −π/2). 

The active power flow among three phases brought by the 

FF-ZSV injection can be expressed as 

 

0

0

0

cos( )

cos( 2 / 3).

cos( 2 / 3)

a p i

b p i
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 (22) 

It can be seen that during fault-tolerant operation conditions, 

the FF-ZSV injection leads to unbalanced power flow among 

three phases. In addition, the asymmetric SM configuration 

causes unbalanced power flow between the upper and lower 

arms. Therefore, the arm energy balancing control is necessary. 

According to [1], the dc circulating currents can be injected 

to balance the active power between three phases, and the 

fundamental frequency circulating currents can be injected to 

balance the arm energy between the upper and lower arms. The 

defined stored virtual total energy (E) and virtual energy of the 

upper and lower arms (Euj and Elj) are used to balance the arm 

energy, and the final circulating current references in Part III 

can be expressed as 

 

*

*

1 2
*

+

( + )
3 3+

cira la ua la ua

cirb p lb ub p lb ub

lc uc lc uccirc

i E E E E
E

i K E E K E E

E E E Ei

     
        

     
      

(23) 

where i
* 

cirj is the circulating current reference; Kp1 and Kp2 are the 

control parameters; Φ is the middle transfer matrix, which can 

be expressed as 

 

3cos cos( 2) cos( 2)

cos( 7 6) 3cos( 2 3) cos( 6) .

cos( 7 6) cos( 6) 3cos( 2 3)

t t t

t t t

t t t

    

     

     

  
 

     
 

    

(24) 

By the above circulating current reference adjustments, the 

arm energy balancing control can be realized.  

To accurately track their reference values and suppress the 

second-order components, proportional-integral-resonant (PIR) 

controllers are usually used to control the circulating currents, 

as discussed in [26]. In addition, it is necessary to save about 5% 

modulation margin for the circulating current control [26]. 

4) Flowchart of the proposed approach 

The flowchart of the proposed approach under fault-tolerant 

operation is shown in Fig. 5. When the SM failures are detected, 

firstly, the capacitor voltage reference in all SMs is calculated, 

and the stored total energy of all capacitors in the MMC-based 

STATCOM is regulated. Then, the FF-ZSV is injected to 

generate balanced line-to-line voltages, and the output currents 

are controlled. Next, to balance the capacitor voltages between 

each arm, the circulating current references are calculated 

based on the defined virtual arm energy, and PIR controllers are 

used to control the circulating current. With the above steps, 

references for the output current control and circulating current 

control can be calculated, and the arm modulation references 

can be further derived based on (2). In addition, the number and 

the phase shift angles of the carriers need to be reconfigured, as 

discussed in [24], and the switching signals can be generated. 

B. Comparison with the Conventional methods 

To better illustrate the advantages of the proposed approach, 

its operation region is compared with the conventional hot- 

reserve-based fault-tolerant control method. According to (5) 

and (6), when the fault index is smaller than 1, the capacitor 

voltages of the conventional hot-reserve-based method will be 

 *

_ [ (1 )].SM HR dc r r fv v N n n n    (25) 

For the proposed operation approach, the capacitor voltage 

can be derived based on (9) and (15). 
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(26) 

For the conventional hot-reserve-based fault-tolerant control 

method, the maximum allowable fault index is 1. For the pro-

posed fault-tolerant operation approach, the maximum capac-

itor voltage should meet the constraint 

 *

_ .SM PR dcv v N  (27) 

 
Fig. 5. Flowchart of the proposed approach under fault-tolerant operation. 
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Therefore, the allowable fault index of the proposed ap-

proach meets the constraint 
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Based on the above derivations, the necessary capacitor 

voltages for the two fault-tolerant operation approaches are 

compared in Fig. 6. As shown in Fig. 6(a), with the same re-

dundant index nr and fault index nf, the proposed approach 

requires a lower capacitor voltage increment. The higher nf is, 

the more noticeable this phenomenon is. In addition, according 

to Figs. 6(b) and (c), the operation region of the proposed 

approach can be extended. The lower the redundant index is, 

the more noticeable this phenomenon is. The above analysis 

indicates that the proposed approach has a significantly en-

hanced operation capability under multiple SM failures than the 

conventional hot-reserve-based fault-tolerant control method. 

More comparisons with the existing methods are listed in 

Table I. When SM failures occur, the conventional methods 

usually increase the SM voltages in the faulty arm or inject a 

relative-high-magnitude FF-ZSV. Hence, their fault-tolerant 

operation capability depends on either the modulation margin 

(decided by the amplitude of grid voltages) or the redundant 

SM configurations. In contrast, the operation capability of the 

proposed approach is influenced by both the above factors. 

Some other methods in [12], [17], and [19] make full use of the 

linear-modulation region, and the modulation margin can be 

increased by about 15.47%. In addition, most of the existing 

methods are designed for the MMCwith a fixed dc-link voltage. 

However, the proposed approach acquires an adjustable dc-link 

voltage due to the floating dc-link voltage. The dc-link of the 

MMC is also floating in [19], but its dc-link voltage remains at 

a fixed value. In contrast, the proposed approach can obtain a 

higher fault-tolerant operation capability by flexible dc-link 

voltage adjustment and small-magnitude FF-ZSV injection. 

IV. SIMULATION RESULTS 

The MMC-based STATCOM simulation model is built, and 

the parameters are listed in Table II. Fault-tolerant operation 

results of the conventional hot-reserve-based method and the 

proposed approach are shown in Figs. 7 and 8, respectively. 

A. Operation of the Conventional Hot-Reserve-Based Method 

As shown in Fig. 7, from 0.15 s to 0.25 s, the amplitude of the 

output currents in the MMC-based STATCOM is 100 A, and 

the capacitor voltages are stable at about 1 kV during normal 

operation conditions. The maximum number of inserted SM in 

the upper arm in phase a is 10. At 0.25 s, the first SM failure 

occurs, the amplitude of the output currents remains at about 

100 A. With the conventional control method, the capacitor 

voltages increase to about 1.11 kV in the upper arm, and the 

maximum number of inserted SMs in the upper arm reduces to 

9. At 0.35 s, the second SM failure occurs, the output currents 

remain almost the same. The capacitor voltages in the faulty 

arm increase to about 1.25 kV while the remaining SMs re-

mains at about 1 kV. In addition, the maximum number of 

inserted SMs decreases to 8. Then, at 0.45 s, the third SM 

failure occurs. The capacitor voltages cannot increase and 

TABLE I   COMPARISON WITH OTHER EXISTING  FAULT-TOLERANT OPERATION APPROACHES 

Approaches 
Capacitor voltage 

increment 

Modulation 

wave changes 

Crucial factors for 

tolerant ability 
dc-link voltage 

Fault-tolerant 

capability Applications 

Pulse redistribution [18] No No ①: No. of inserted SMs Fixed Low 

 

MMC-based BESS 

FF-ZSV [11] No Yes 
②: The modulation margin 

(m = 2Ug/vdc)  

Fixed 
Low 

MMC 

SHE [15],[16] No No Fixed Cascaded H-bridge 

FF-ZSV+dc shift [13] No Yes Fixed Low MMC 

THV injection [12] No Yes Fixed tolerant ability: 

Modulation margin in-

creases by about 15.47 % 

Fixed 
Medium 

Fixed 

MMC 

Overmodulation [19] No No Adjustable MMC-based STATCOM 

SVM [17] No No Fixed MMC 

Cold-reserve [21] No No ③: No. of redundant SMs Fixed 
Medium 

MMC 

Hot reserve [22] Yes, in the faulty arm No ③: No. of redundant SMs Fixed MMC 

Hot-reserve [25] Yes, in the faulty arm Yes Both ② and ③ Fixed Medium MMC 

Proposed Yes, in all SMs Yes Both ② and ③ Increment High MMC-based STATCOM 
 

 
Fig. 6. Operation capability comparison with the conventional hot-reserve- 

based method. (a) Capacitor voltages, (b) operation region of the hot-reserve- 

based method in [22], and (c) operation region of the proposed approach. 

TABLE II   SYSTEM PARAMETERS 

Items Symbols Simulation Experiment 

Rated dc-link voltage vdc 10 kV 200 V 

ac line-to-line voltage Ugl 5.5 kV 98 V 

Arm 

inductor 

Inductance Larm 3 mH 5 mH 

Resistance Rarm 0.0942 Ω 0.3 Ω 

ac inductor 
Inductance L 2 mH 2.5 mH 

Resistance R 0.0628 Ω 0.15 Ω 

Carrier frequency fcarrier 2 kHz 5 kHz 

SM number per arm N 8 3 

Number of redundant SM Nr 2 1 

SM capacitance C 2 mF 3.84 mF 
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remain at about 1.25 kV, and the MMC enters the overmodu-

lation region. At this time, the arm output voltage is asymmetric, 

and the MMC-based STATCOM will operate with distorted 

waveforms due to the overmodulation operation [19]. 

Considering the IGBT and diode loss, the total power loss 

analysis can be expressed as 

 loss_total loss_IGBT loss_diodeP P P    (29) 

where Ploss_total is the total power loss of each SM; Ploss_IGBT is 

the power loss of the IGBT; Ploss_diode is the power loss of the 

diode. Ploss_IGBT and Ploss_diode can be further expanded as 

 
loss_IGBT cond_T switch_T

loss_diode cond_D switch_D
.

P P P

P P P

 
  

 (30) 

where Pcond_T and Pswitch_T are the conduction and switching loss 

of the IGBT, respectively; Pcond_D and Pswitch_D are the conduc-

tion and switching loss of the diode, respectively. 

According to [27], the conduction losses of the IGBT and 

diode can be expressed as 

 

0

0

1/
cond_T 0 T cond_T T _T T0

1/
cond_D 0 D cond_D D _D D0

( , )
.

( , )

f
j

f
j

P f S u i T i dt

P f S u i T i dt

 








 (31) 

where f0 is the fundamental frequency; ST and SD are the con-

duction function of the IGBT and diode, respectively; iT and iD 

are the current flowing through the IGBT and diode, respec-

tively; ucond_T and ucond_D are the on-state voltage drops across 

the IGBT and diode, respectively, which are related to the 

current and junction temperatures. The relation between 

on-state voltage drops (ucond_T, ucond_D) and the junction tem-

perature (Tj_T, Tj_D) can be found in the datasheet. 

According to [28], the switching loss of the IGBT and diode 

can be expressed as 

 
switch_T 0 _T T _T _T T _T1

switch_D 0 _D D _D1

[ ( , ) ( , )]
.

[ ( , )]

k
on j off ji

k
rec ji

P f E i T E i T

P f E i T





  







 (32) 

where Eon_T and Eon_T are the switching-on and -off the energy 

of the IGBT, respectively; Erec_D is the switching energy of the 

diode. According to [27], they can be further expressed as 

 

_T T _T _T T _T _T T _T

_T T T _T _T

_D D _D _D D D _D _D
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, (33) 

where more detailed parameters can be found in the datasheet. 

The thermal and power loss are conducted with the IGBT 

module 5SNE0800M170100. Operation parameters of the 

IGBT and diode can be found in the datasheet. As shown in Fig. 

7, the average power loss in each arm is almost equal to about 

  
Fig. 7. Simulation results of the conventional hot-reserve-based fault-tolerant 

control method under SM failures in the upper arm in phase a. 

Fig. 8. Simulation results of the proposed fault-tolerant operation approach 

under SM failures in the upper arm in phase a. 

 
Fig. 9. Laboratory prototype of the MMC-based STATCOM. (a) MMC setup, 

(b) central controller, (c) SM board, and (d) fiber signal transition board. 
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2.57 kW, and the efficiency is about 97.71%. 

B.  Operation of the Proposed Approach 

As shown in Fig. 8, from 0.15 s to 0.25 s, the MMC-based 

STATCOM is in normal operation conditions, where the am-

plitude of the output currents is 100 A, and the capacitor volt-

ages are stable at about 1 kV. At 0.25 s, the first SM failure 

occurs. The amplitude of the output currents remains at about 

100 A. With the proposed fault-tolerant operation approach, the 

capacitor voltages increase to about 1.09 kV, which corre-

sponds with the results calculated by (9) and (15). The maxi-

mum number of inserted SMs in the upper arm reduces to 9, but 

the line-to-line voltages remain the same as steady-state oper-

ation. The second SM failure occurs at 0.35 s, and number of 

faulty SMs is is equal to the number of redundant SMs. At this 

time, the amplitude of the output currents is still about 100 A. 

The capacitor voltages in three phases increase to about 1.13 

kV, and the maximum number of inserted SMs decreases to 8 in 

the faulty arm. In addition, the output phase voltage decreases 

while the line-to-line voltages remain almost the same. The 

third SM failure occurs at 0.45 s, where the faulty SMs out-

number the redundant SMs. For the proposed approach, the 

faulty SMs are bypassed, and the capacitor voltages in the 

remaining SMs increase to about 1.18 kV. It is noted that in this 

condition, the injected FF-ZSV influences the active power 

flow in three phases. Therefore, dc circulating currents are 

injected to balance the arm energy. When SM failure occurs, 

the maximum number of inserted SMs decreases to 7. The 

output voltage in phase a decreases, but the line-to-line volt-

ages remain the same as normal operation conditions. There-

fore, the effectiveness of the proposed approach is verified 

under severe SM failures (Nf >Nr), and the proposed fault- 

tolerant operation approach has an enhanced operation capa-

bility under multiple SM failures. 

The thermal and power loss analysis of the proposed ap-

proach is conducted, and the results are shown in Fig. 8. When 

the SM faults occur, the power loss in each arm becomes dif-

ferent. It can be seen that the more SM faults, the higher power 

loss differences. In addition, when the fault-tolerant operations 

begin, the average power loss in each arm is about 3.18 kW, 

and the average efficiency is about 97.16%. 

V. EXPERIMENTAL RESULTS 

The MMC-based STATCOM laboratory prototype in Fig. 9 

is used to verify the effectiveness of the proposed approach. Fig. 

9(a) shows the overall profile of the MMC setup. Fig. 9(b) 

shows the central controller. Fig. 9(c) shows the SM board, and 

Fig. 9(d) shows the fiber signal transition board. The control 

algorithm is implemented in the DSP digital process controller, 

and the FPGA is applied to generate the driving signals of 

power switches. These driving signals are sent to the local SM 

board through optical fibers, while the SM voltage and current 

values are sent to the central controller through optical fibers. 

More detailed circuit parameters are listed in Table II. 

A. SMua1 Failure 

Experimental results of the conventional hot-reserve-based 

 
Fig. 10. Experimental results of the conventional hot-reserve-based method under single SM failure in phase a. (a) Output currents and circulating current, (b) 

three-phase capacitor voltages, (c) capacitor voltages in the faulty arm, (d) post-fault steady-state THD values, (e) arm output voltages, and (f) line-to-line voltages. 

 
Fig. 11. Experimental results of the proposed fault-tolerant operation approach under single SM failure in phase a. (a) Output currents and circulating current, (b) 

three-phase capacitor voltages, (c) capacitor voltages in the faulty arm, (d) post-fault steady-state THD values, (e) arm output voltages, and (f) line-to-line voltages. 
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method and the proposed approach under single SM failure are 

shown in Figs. 10 and 11, respectively. As shown in Figs. 10(a) 

and 11(a), when the first SM failure occurs in the upper arm in 

phase a, the output current waveforms are almost the same by 

these two methods. However, the circulating current ripple of 

the conventional method is higher than the proposed approach 

due to higher capacitor voltages increment. The three-phase 

capacitor voltages are shown in Figs. 10(b) and 11(b). The 

voltages only increase in the upper arm, and the values are 

about 66 V by the conventional method. In comparison, the 

capacitor voltages increase in three phases by the proposed 

method, and the values are about 58 V. Detailed capacitor 

voltages in the faulty arm are shown in Figs. 10(c) and 11(c). 

The post-fault steady-state THD values are shown in Figs. 10(d) 

and 11(d), which are about 3.45% and 3.40%, respectively. The 

arm output and phase voltages are shown in Figs. 10(e) and 

11(e), where the maximum number of inserted SMs decreases 

from 4 to 3 in the faulty arm. In addition, the amplitude of phase 

voltage by the conventional method is higher compared with 

the proposed approach. As shown in Figs. 10(f) and 11(f), the 

line-to-line voltages remain almost the same under both ap-

proaches when the SM failure occurs. 

The above results verify the effectiveness of the proposed 

approach under Nf <Nr. In addition, the proposed approach 

requires a lower capacitor voltage increment in the faulty arm 

and has a balanced distribution of voltage stress in all SMs.  

B. SMua1 and SMua2 Failures 

Experimental results of the conventional hot-reserve-based 

method and the proposed approach under two SM failures are 

shown in Figs. 12 and 13. It is noted when the second SM 

failure occurs in the MMC prototype, it meets Nf >Nr, and the 

MMC enters a severe overmodulation region by the conven-

tional method. In this condition, the MMC-based STATCOM 

cannot be accurately controlled. 

When the second SM failure occurs in the upper arm in phase 

a, the output currents remain the same with a little fluctuation, 

as shown in Figs. 12(a) and 13(a), due to the adjustment of the 

capacitor voltages. In addition, the circulating current injec-

tions increase slightly to balance the arm energy when the 

second SM failure occurs. As shown in Fig. 12(b), the capacitor 

voltages in the faulty arm increase from about 66 V to about 85 

V by the conventional method, which are not well regulated and 

exceeds the limit. In practical application, it could cause dam-

age to the device. In comparison, the three-phase capacitor 

voltages increase from about 58 V to about 64 V by the pro-

posed approach, as shown in Fig. 13(b), which is equal to the 

reference value. In addition, the three-phase voltage balancing 

process of the conventional method is slower due to the internal 

arm energy balancing. Figs. 12(c) and 13(c) show the capacitor 

voltages in the upper arm in phase a, where the faulty SMs are 

both bypassed, and their capacitor voltages almost keep con-

stant. The post-fault steady-state THD values are shown in Figs. 

12(d) and 13(d), which are about 3.66% and 3.24%, respec-

tively. The output voltage waveforms in the arm and lower 

arms are shown in Figs. 12(e) and 13(e), where the output levels 

 
Fig. 12. Experimental results of the conventional hot-reserve-based method under two SM failures in phase a. (a) Output currents and circulating current, (b) 

three-phase capacitor voltages, (c) capacitor voltages in the faulty arm, (d) post-fault steady-state THD values, (e) arm output voltages, and (f) line-to-line voltages. 
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decrease from 3 to 2 when the second SM failure occurs. The 

line-to-line voltages are shown in Figs. 12(f) and 13(f), which 

remain almost the same after the second SM failure.  

The above results validate the effectiveness and advantages 

of the proposed fault-tolerant operation approach under Nf >Nr. 

VI. CONCLUSION 

In this paper, a novel fault-tolerant operation approach has 

been proposed for the MMC-based STATCOM. By capacitor 

voltage increment in all SMs and FF-ZSV injection, the opera-

tion capability can be enhanced under multiple SM failures. 

Based on the simulation and experimental results, the following 

conclusion can be summarized: 

1) Under minor failure conditions when the redundant SMs 

outnumber the faulty SMs, the proposed approach requires a 

lower capacitor voltage increment than the conventional hot- 

reserve-based fault-tolerant control method. 

2) Under severe failure conditions, when the faulty SMs 

outnumber the redundant SMs, the proposed approach can still 

realize stable operation within the specified security region. 

3) By the virtual energy idea, the arm energy is well balanced, 

and an even voltage stress distribution is achieved in the 

healthy SMs, even during fault-tolerant operations. 

Nevertheless, this paper only discussed the single-phase SM 

failure conditions. For multi-phase failure conditions, inter-

pretable machine learning solutions such as [29] could be 

adopted to effectively improve the system operation capability. 

This will be discussed in future research work. 

REFERENCES 

[1] Y. Jin, Q. Xiao, H. Jia, Y. Mu, Y. Ji, R. Teodorescu, and T. Dragičević, 

“A dual-layer back-stepping control method for Lyapunov stability in 

modular multilevel converter based STATCOM,” IEEE Trans. Ind. 

Electron., vol. 69, no. 3, pp. 2166-2179, Mar. 2022. 

[2] X. Xing, X. Li, F. Gao, C. Qin, and C. Zhang, “Improved space vector 

modulation technique for neutral-point voltage oscillation and common 

mode voltage reduction in three-level inverter,” IEEE Trans. Power 

Electron., vol. 34, no. 9, pp. 8697-8714, Sep. 2019. 

[3] Q. Xiao, Y. Mu, H. Jia, Y. Jin, K. Hou, X. Yu, R. Teodorescu, and J. 

Guerrero, “Modular multilevel converter based multi-terminal hybrid 

ac/dc microgrid with improved energy control method,” Appl. Energy, vol. 

282, pp. 116154, Jan. 2021. 

[4] T. Tanaka, K. Ma, H. Wang, and F. Blaabjerg, “Asymmetrical reactive 

power capability of modular multilevel cascade converter (MMCC) based 

STATCOMs for offshore wind farm,” IEEE Trans. Power Electron., vol. 

34, no. 6, pp. 5147-5164, Jun. 2019. 

[5] G. Li, Y. Chen, A. Luo, and H. Wang, “An enhancing grid stiffness 

control strategy of STATCOM/BESS for damping sub-synchronous 

resonance in wind farm connected to weak grid,” IEEE Trans. Ind. In-

form., vol. 16, no. 9, pp. 5835-5845, Sep. 2020. 

[6] N. Li, F. Gao, T. Hao, Z. Ma, and C. Zhang, “SOH balancing control 

method for the MMC battery energy storage system,” IEEE Trans. Ind. 

Electron., vol. 65, no. 8, pp. 6581-6591, Aug. 2018. 

[7] J. Farias, A. Cupertino, H. Pereira, S. Seleme, and R. Teodorescu, “On 

converter fault tolerance in MMC-HVdc systems: A comprehensive 

survey,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 9, no. 6, pp. 

7459-7470, Dec. 2021. 

[8] J. Chen, C. Zhang, X. Xing, and A. Chen. “A fault-tolerant control 

strategy for T-type three-level rectifier with neutral point voltage balance 

and loss reduction,” IEEE Trans. Power Electron., vol. 35, no. 7, pp. 

7492-7505, Jul. 2020. 

[9] M. Abdelsalam, M. Marei, and S. Tennakoon, “An integrated control 

strategy with fault detection and tolerant control capability based on ca-

pacitor voltage estimation for modular multilevel converters,” IEEE 

Trans. Ind Appl., vol. 53, no. 3, pp. 2840-2851, May/Jun. 2017. 

[10] J. Wang, H. Ma, and Z. Bai, “A submodule fault ride-through strategy for 

modular multilevel converters with nearest level modulation,” IEEE 

Trans. Power Electron., vol. 33, no. 2, pp. 1597-1608, Feb. 2018. 

[11] Q. Yang, J. Qin, and M. Saeedifard, “A postfault strategy to control the 

modular multilevel converter under submodule failure,” IEEE Trans. 

Power Del., vol. 31, no. 6, pp. 2453-2463, Dec. 2016. 

[12] G. Guo, Q. Song, W. Yang, Y. Wang, W. Liu, H. Rao, and S. Xu, “Ap-

plication of third-order harmonic voltage injection in a modular multi-

level converter,” IEEE Trans. Ind. Electron., vol. 65, no. 7, pp. 5260-5271, 

Jul. 2018. 

[13] S. Farzamkia, H. Iman-Eini, M. Noushak, and A. Hadizadeh, “Improved 

fault-tolerant method for modular multilevel converters by combined dc 

and neutral-shift strategy,” IEEE Trans. Ind. Electron., vol. 66, no. 3, pp. 

2454-2462, Mar. 2019. 

[14] Q. Xiao, L. Chen, Y. Jin, Y. Mu, A. Cupertino, H. Jia, Y. Neyshabouri, T. 

Dragičević, and R. Teodorescu, “An improved fault-tolerant control 

scheme for cascaded H-bridge STATCOM with higher attainable bal-

anced line-to-line voltages,” IEEE Trans. Ind. Electron., vol. 68, no. 4, pp. 

2784-2797, Apr. 2021. 

[15] M. Aleenejad, H. Mahmoudi, P. Moamaei, and R. Ahmadi, “A new fault 

tolerant strategy based on a modified selective harmonic technique for 

three-phase multilevel converters with a single faulty cell,” IEEE Trans. 

Power Electron., vol. 31, no. 4, pp. 3141-3150, Apr. 2016. 

[16] M. Aleenejad, H. Mahmoudi, and R. Ahmadi, “A multi-fault tolerance 

strategy for three phase cascaded H-bridge converters based on halfwave 

symmetrical selective harmonic elimination technique,” IEEE Trans. 

Power Electron., vol. 32, no. 10, pp. 7980-7989, Oct. 2017. 

[17] M. Aleenejad, H. Mahmoudi, S. Jafarishiadeh, and R. Ahmadi, “Fault- 

tolerant space vector modulation for modular multilevel converters with 

bypassed faulty submodules,” IEEE Trans. Ind. Electron., vol. 66, no. 3, 

pp. 2463-2473, Mar. 2019. 

[18] F. Gao, X. Gu, Z. Ma, and C. Zhang, “Redistributed pulse width modu-

lation of MMC battery energy storage system under submodule fault 

condition,” IEEE Trans. Power Electron., vol. 35, no. 3, pp. 2284- 2294, 

Mar. 2020. 

[19] A. Cupertino, H. Pereira, S. Seleme, and R. Teodorescu, “On inherent 

redundancy of MMC-based STATCOMs in the overmodulation region,” 

IEEE Trans. Power Del., vol. 35, no. 3, pp. 1169-1179, Jun. 2020. 

[20] A. Ghazanfari, and Y. Mohamed, “New submodule improving fault- 

tolerant capability of modular multilevel converters,” IEEE Trans. En-

ergy Convers., vol. 35, no. 2, pp. 662-671, Jun. 2020. 

[21] B. Li, S. Shi, B. Wang, G. Wang, W. Wang, and D. Xu, “Fault diagnosis 

and tolerant control of single IGBT open-circuit failure in modular mul-

tilevel converters,” IEEE Trans. Power Electron., vol. 31, no. 4, pp. 

3165-3176, Apr. 2016. 

[22] F. Deng, Y. Tian, R. Zhu, and Z. Chen, “Fault-tolerant approach for 

modular multilevel converters under submodule faults,” IEEE Trans. Ind. 

Electron., vol. 63, no. 11, pp. 7253-7263, Nov. 2016. 

[23] K. Li, L. Yuan, Z. Zhao, S. Lu, and Y. Zhang, “Fault-tolerant control of 

MMC with hot reserved submodules MMC-based on carrier phase shift 

modulation,” IEEE Trans. Power Electron., vol. 32, no. 9, pp. 6778-6791, 

Sep. 2017. 

[24] B. Li, Z. Xu, J. Ding, and D. Xu, “Fault-tolerant control of medium- 

voltage modular multilevel converters with minimum performance deg-

radation under submodule failures,” IEEE Access, vol. 6, pp. 11772- 

11781, 2018. 

[25] J. Wang, and Y. Tang, “A fault-tolerant operation method for medium 

voltage modular multilevel converters with phase-shifted carrier modu-

lation,” IEEE Trans. Power Electron., vol. 34, no. 10, pp. 9459- 9470, Oct. 

2019. 

[26] Q. Xiao, J. Wang, Y. Jin, L. Chen, H. Jia, T. Dragičević, and R. Teo-

dorescu, “A novel operation scheme for modular multilevel converter 

with enhanced ride-through capability of submodule faults,” IEEE J. 

Emerg. Sel. Topics Power Electron., vol. 9, no. 2, pp. 1258-1268, Apr. 

2021. 

[27] Y. Zhang, H. Wang, Z. Wang, Y. Yang, and F. Blaabjerg, “Simplified 

thermal modeling for IGBT modules with periodic power loss profiles in 

modular multilevel converters,” IEEE Trans. Ind. Electron., vol. 66, no. 3, 

pp. 2323-2332, Apr. 2018. 

[28] H. Qiu, J. Wang, P. Tu, and Y. Tang, “Device-level loss balancing control 

for modular multilevel converters,” IEEE Trans. Power Electron., vol. 36, 

no. 4, pp. 4778-4790, Apr. 2021. 

[29] K. Liu, X. Hu, H. Zhou, L. Tong, D. Widanalage, and J. Macro, “Feature 



IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS 

 
analyses and modelling of lithium-ion batteries manufacturing based on 

random forest classification,” IEEE/ASME Trans. Mechatronics, vol. 26, 

no. 6, pp. 2944-2955, Dec. 2021. 

 

Yu Jin received the B.S. in electrical engineering 

from School of Electrical Engineering and Automa-

tion, Harbin Institute of Technology, Harbin, China, 

in 2015. Since 2015, he has been working for the 

combined M.S. and Ph. D. degree in electrical 

engineering at the School of Electrical Engineering 

and Automation in Harbin Institute of Technology. 

From October 2018 to October 2020, he was a 

two-year visiting scholar with the Department of 

Energy Technology, Aalborg University, Aalborg, 

Denmark. His current research interests include 

multilevel converters and their applications. 

 

Qian Xiao (Member, IEEE) received the Ph.D. 

degree in electrical engineering from Tianjin Uni-

versity, Tianjin, China, in 2020. From 2018 to 2019, 

he was a Visiting Scholar with the Department of 

Energy Technology, Aalborg University, Aalborg, 

Denmark. He have been awarded under the Interna-

tional Postdoctoral Exchange Fellowship Program 

2021 for his postdoctoral research in Nanyang 

Technological University, Singapore. 

Since January 2020, he has been an Assistant Pro-

fessor with Tianjin University. His current research 

interests include microgrids, DC distribution network, multilevel converters 

and battery energy storage system. 

 

Josep Pou (Fellow, IEEE) received the B.S., M.S., 

and Ph.D. degrees in electrical engineering from the 

Technical University of Catalonia (UPC)-Barcelona 

Tech, in 1989, 1996, and 2002, respectively. 

In 1990, he joined the faculty of UPC as an Assis-

tant Professor, where he became an Associate Pro-

fessor in 1993. From February 2013 to August 2016, 

he was a Professor with the University of New South 

Wales (UNSW), Sydney, Australia. He is currently a 

Professor with the Nanyang Technological University 

(NTU), Singapore, where he is Cluster Director of Power Electronics at the 

Energy Research Institute at NTU (ERI@N) and co-Director of the 

Rolls-Royce at NTU Corporate Lab. From February 2001 to January 2002, and 

February 2005 to January 2006, he was a Researcher at the Center for Power 

Electronics Systems, Virginia Tech, Blacksburg. From January 2012 to January 

2013, he was a Visiting Professor at the Australian Energy Research Institute, 

UNSW, Sydney. He has authored more than 380 published technical papers and 

has been involved in several industrial projects and educational programs in the 

fields of power electronics and systems. His research interests include modu-

lation and control of power converters, multilevel converters, renewable energy, 

energy storage, power quality, HVdc transmission systems, and more-electrical 

aircraft and vessels. 

He is Associate Editor of the IEEE Journal of Emerging and Selected Topics 

in Power Electronics. He was co-Editor-in-Chief and Associate Editor of the 

IEEE Transactions on Industrial Electronics. He received the 2018 IEEE Bimal 

Bose Award for Industrial Electronics Applications in Energy Systems. 

 

Hongjie Jia (Senior Member, IEEE) received the 

Ph.D. degree in electrical engineering from Tianjin 

University, Tianjin, China, in 2001. 

He became an Associate Professor at Tianjin Uni-

versity in 2002 and was promoted as Professor in 

2006. His research interests include power reliability 

assessment, stability analysis and control, distribution 

network planning and automation, and smart grids 

 

 

 

 

 

 

 

 

Yanchao Ji (Member, IEEE) received the B.Eng. and 

M.Eng. degrees in electrical engineering from the 

Northeast Electric Power University, Jilin, China, in 

1983 and 1989, respectively, and the Ph.D. degree in 

electrical engineering from the North China Electric 

Power University, Beijing, China, in 1993.  

He joined the Department of Electrical Engineering, 

Harbin Institute of Technology, Harbin, China, in 

1993, where he became an Associate Professor in 

1995, and a Professor in 1996. His current research 

interests include pulsewidth modulation technique, 

power converter, and flexible ac transmission systems devices. 

 

Remus Teodorescu (Fellow, IEEE) received the Dipl. 

Ing. degree in electrical engineering from the Poly-

technical University of Bucharest, Bucharest, Roma-

nia, in 1989, Ph.D. degree in power electronics from 

the University of Galati, Romania, in 1994, and Dr. 

HC in 2016 from Transilvania University of Brasov. 

In 1998, he joined the Department of Energy Tech-

nology at Aalborg University where he is currently a 

Full Professor. From 2013 to 2017, he has been a 

Visiting Professor with Chalmers University. 

He is IEEE/PELS Fellow since 2012 for contributions to grid converters 

technology for renewable energy systems. 

In 2022 he became a Villum Investigator and leader of Center of Research 

for Smart Battery at Aalborg University. 

His main current research areas are: Modular Multilevel Converters (MMC) 

for HVDC/FACTS, Li-Ion battery SOH Estimation with AI and Smart Batter-

ies. 

 

Frede Blaabjerg (Fellow, IEEE) was with ABB- 

Scandia, Randers, Denmark, from 1987 to 1988. 

From 1988 to 1992, he got the PhD degree in Elec-

trical Engineering at Aalborg University in 1995. He 

became an Assistant Professor in 1992, an Associate 

Professor in 1996, and a Full Professor of power 

electronics and drives in 1998. From 2017 he became 

a Villum Investigator. He is honoris causa at Univer-

sity Politehnica Timisoara (UPT), Romania and 

Tallinn Technical University (TTU) in Estonia.  

His current research interests include power elec-

tronics and its applications such as in wind turbines, 

PV systems, reliability, harmonics and adjustable speed drives. He has pub-

lished more than 600 journal papers in the fields of power electronics and its 

applications. He is the co-author of four monographs and editor of ten books in 

power electronics and its applications.  

He has received 33 IEEE Prize Paper Awards, the IEEE PELS Distinguished 

Service Award in 2009, the EPE-PEMC Council Award in 2010, the IEEE 

William E. Newell Power Electronics Award 2014, the Villum Kann Ras-

mussen Research Award 2014, the Global Energy Prize in 2019 and the 2020 

IEEE Edison Medal. He was the Editor-in-Chief of the IEEE 

TRANSACTIONS ON POWER ELECTRONICS from 2006 to 2012. He has 

been Distinguished Lecturer for the IEEE Power Electronics Society from 2005 

to 2007 and for the IEEE Industry Applications Society from 2010 to 2011 as 

well as 2017 to 2018. In 2019-2020 he served as a President of IEEE Power 

Electronics Society. He has been Vice-President of the Danish Academy of 

Technical Sciences. 

He is nominated in 2014-2020 by Thomson Reuters to be between the most 

250 cited researchers in Engineering in the world. 

 

http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6245517
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6245517

