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Abstract  

 

A fault tolerant structure and its corresponding control strategy for electromagnetic stirring power supplies are proposed in this 
paper. The topology structure of the electromagnetic stirring power supply contains two-stages. The fore-stage is the PWM 
rectifier. The back-stage is the fault tolerant inverter, which is a two-phase three-bridge orthogonal inverter circuit while 
operating normally. When the power switch devices in the inverter are faulty, the structure of the inverter is reconfigured. The 
two-phase half bridge inverter circuit is constructed with the remaining power switch devices and DC-link capacitors to keep the 
system operating after cutting the faulty power switch devices from the system. The corresponding control strategy is proposed to 
let the system work under both normal and fault conditions. The reliability of the system is improved and the requirement of the 
electromagnetic stirring process is met. Finally, simulation and experimental results verify the feasibility of the proposed fault 
tolerant structure and corresponding control strategy. 

 
Key words: Electromagnetic stirring, Fault tolerant structure, Two-phase half bridge, Two-phase orthogonal inverter 
 

I. INTRODUCTION 

In the high quality special steel process and smelting 
industry, continuous casting electromagnetic stirring 
technology has become the most effective way to improve the 
quality and yield of continuous casting steel [1]. As the key 
equipment of continuous casting electromagnetic stirring, the 
current quality and response rate of the electromagnetic 
stirring power supply directly influence the quality of the cast 
steel, which is of great significant to enhance military ships, 
bridges, buildings, luxury cars and other manufacturing 
processes [2], [3]. 

At present, the two-phase orthogonal inverter is generally 
used in the electromagnetic stirring power supplies of iron 
and steel continuous casting. Two-phase orthogonal currents 
are supplied to the induction coil and electromagnetic force is 
excited. Therefore, the steel liquid rotation movement forms. 
The stirring method has the advantages of magnetic field 

energy concentration, low stirring power and high winding 
energy efficiency [4]. In terms of the topological structure of 
electromagnetic stirring power supplies, the two-stage 
structure is generally adopted. In the fore-stage, three-phase 
alternating current is converted into a stable DC by an 
uncontrollable rectifier [5], [6]. Due to the inductive load of 
the electromagnetic stirring power supply, less active power 
is consumed and the load power is mainly reactive power. As 
a result, the power factor is low and the harmonic content is 
high in the fore-stage. Two single-phase inverters are used in 
the back-stage, which can be separately controlled to convert 
DC into two-phase orthogonal AC power [7]. This structure 
has the advantages of a simple control and a high utilization 
rate of the DC voltage. However, a large number of devices 
are need and its cost is high. Thus, the authors of [8] 
proposed a two-phase orthogonal inverter with two-bridges. 
Each bridge and the DC side capacitors constitute a half 
bridge inverter to realize the two orthogonal output voltages. 
Although the number of devices is reduced, the DC voltage 
utilization rate is low and the two capacitors in the DC side 
needs to be balanced. Therefore, the authors of [4], [9] 
proposed a two-phase orthogonal inverter structure with 
three-bridges. Two of the bridges are for independent 
switching, and the third bridge is a public bridge. The 
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two-phase orthogonal output can be realized by an 
appropriate control method. 

In [10], the current closed loop proportional control was 
used to generate a modulation wave. Then the pulse width 
modulation method was used to generate a driving signal to 
drive the output of the switch. In order to improve the 
utilization ratio of the DC voltage, a space vector modulation 
method for four leg two-phase quadrature inverters was 
proposed in [11]. The SVM for a two-phase orthogonal 
inverter was proposed in [12]. However, the two-phase 
orthogonal current of the electromagnetic stirring power supply 
varies frequently in positive and negative alternations. The 
dynamic tracking performance of the output current is high. 
The closed loop control of the output current is controlled by 
the conventional method, which has a slow dynamic response. 
Therefore, the performance needs to be improved. 

The most important part of an electromagnetic stirring power 
supply is the inverter. The most common faults in the inverter 
are the power switch devices and its control circuit, which is 
not able to effectively deal with the reliability of the inverter. 
When the inverter is faulty, the whole system cannot work 
properly, which leads to unimaginable consequences. 
Therefore, the inverter needs to achieve fault tolerance.  

A fault tolerant structure and its corresponding control 
method for electromagnetic stirring power supplies are 
proposed in this paper. The inverter topology in fault status is 
configured to keep the system running.  

This paper is organized as follows. Section II is the proposed 
fault tolerant topology structure of an electromagnetic stirring 
power supply. Section III is the proposed system control 
strategy, which contains control methods for the fore-stage and 
the back-stage. Simulation and experimental results are shown 
in Section IV to evaluate the feasibility of the proposed 
topology structure, and the performance of the proposed 
control strategy. Section V concludes the paper. 

 

II. TOPOLOGY STRUCTURE OF AN 
ELECTROMAGNETIC STIRRING SUPPLY 

A. The Traditional Topology Structure of an 
Electromagnetic Stirring Supply  

The traditional topology structure of an electromagnetic 
stirring power supply is shown in Fig.1. The structure is 
composed of two parts. The first part is the fore-stage, which is 
made up of a three-phase voltage type PWM rectifier circuit. 
The second part is the back stage, which is made up of a 
two-phase orthogonal inverter circuit. The electromagnetic 
stirrer is the load. Three-phase AC voltages are converted into 
a stable DC voltage by the three-phase PWM rectifier, which is 
the power supply of the back-stage inverter circuit. The DC 
voltage is converted into an AC voltage by the back-stage 
inverter to obtain the desired two-phase low frequency 
orthogonal current for the electromagnetic stirrer.  

During the operating process, an electromagnetic stirrer 
 

L

L
'O





fZ
ae

be

ce

oLor
ai

bi

ci

i

Wi

i

aou

bou

cou
1C

 

Fig. 1. Traditional topology of an electromagnetic stirring supply. 
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Fig. 2. Fault tolerance topology of an electromagnetic stirring power supply. 
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Fig. 3. Back-stage inverter circuit in the normal condition. 
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Fig. 4. Two-phase half bridge inverter circuit. 

 
operates in three states: positive rotation, stop and reverse 
rotation. From Fig. 1 it can be seen that the back-stage inverter 
connects the load directly. Therefore, the power switch devices 
in the inverter are easy to be fault. If one or more of the power 
switch devices in the back-stage inverter is faulty, the whole 
system cannot work properly, which has catastrophic 
consequences. The fault tolerant topology structure of an 
electromagnetic stirring power supply is proposed in the paper. 

B. The Fault Tolerant Topology Structure of an 
Electromagnetic Stirring Supply 

The fault tolerant topology structure of an electromagnetic 
stirring power supply is shown in Fig. 2. The second part is a 
fault tolerant two-phase orthogonal inverter circuit as the 
back-stage. ea, eb and ec are the grid voltages. VR1-VR6 
constructs the three-phase rectifier circuit. C1 and C2 are the 
DC side capacitors. T12, T23, T45, T56 and TW are triacs. F1-F6 
are fuses. C1, C2, T12, T23, T45, T56, TW, F1-F6 and V1-V6 make 
up the fault tolerant circuit of the electromagnetic stirring 
power supply. 

When the system works normally, the back-stage inverter 
circuit is shown in Fig. 3. 

When the power switch devices in the back-stage circuit are 
faulty, the system can continue to operate normally by 
reconstructing the topology structure. For example, if the 
power switch device V2 or V5 or both are faulty, the 
reconstructed two-phase half bridge inverter circuit is shown in 
Fig. 4. A similar two-phase half bridge inverter circuit can be 
obtained if the other power switch devices are faulty. 

The corresponding state table of triacs and fuses is shown in 
Table I. 

In Table I, for example, if the power switch devices V2 and 
V5 are faulty, the fuses F2 and F4 are off (0). The triacs of T12,  

TABLE I 
STATE TABLE OF TRIACS AND FUSES 

 V1 V2 V3 V4 V5 V6 

F1 0 1 1 1 1 1 

F2 0 0 0 0 0 0 

F3 1 1 0 1 1 1 

F4 1 1 1 0 1 1 

F5 0 0 0 0 0 0 

F6 1 1 1 1 1 0 

T12 1 0 0 0 0 0 

T23 0 0 1 0 0 0 

T45 0 0 0 1 0 0 

T56 0 0 0 0 0 1 

 
T23, T45 and T56 and the fuses F1, F3, F5 and F6 are on (1). Then 
the back-stage inverter is reconstructed as the two-phase half 
bridge inverter circuit.  

The reconstructed two-phase half bridge inverter circuit has 
the advantages of a simple structure, high stability, reduced 
number of power switching devices and low cost. The series 
capacitors C1 and C2 have the same capacitance value, which 
provides the neutral point for the DC side voltage. Thus, the 
two coils have the same electrical potential. 

 

III.  THE CORRESPONDING CONTROL STRATEGY 

The control aim of the fore-stage rectifier is to keep the total 
DC side voltage stable and to keep the input current waves as 
sinusoidal waves. The control aim of the back-stage inverter is 
to keep the two capacitors voltage equal and to let the output 
currents track the given reference currents. Therefore, there is 
no control coupling between the fore-stage and the back-stage. 
The two stages can be regarded as two relatively independent 
control objects. 

The change of the DC side energy cannot be simply viewed 
as a whole. The control of the DC side voltage needs to control 
the balance of the two capacitor voltages and the total voltage. 

A. The Control Method for the Fore-stage Rectifier 

Although the fore-stage and back-stage can be regarded as 
two relatively independent control objects, there is asymmetry 
between one bridge and the other two bridges in the back-stage 
two-phase inverter. This leads to a second-order ripple voltage 
in the DC side capacitor. The harmonic current is contained in 
the output current of the fore-stage rectifier. A reduction of the 
second-order ripple voltage in the DC side can be presented by 
a power balance between the two stages. 

The fluctuating power in the output power of the back-stage 
inverter is PZ. 

)2sin()2cos( 2

0

2

0 tωIrtωILωP mmZ          (1) 

Where Im and ɷ are the amplitude and angle frequency of the 
inverter output currents, respectively. In addition, the DC side 
voltage is: 
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Fig. 5. Fore-stage rectifier control diagram. 
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Where Ud is the DC component. The second-order ripple 

component is )2sin( φtωδ  . The instantaneous power of the 

DC side capacitor is: 
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   (3) 

The total capacitance value of the DC side capacitor is C. 
Ignoring the fourth ripple component, according to the 
principle of the AC and DC power balance, there are: 

            Zd PφtωCUωδ  )2cos(2           (4) 

The second-order ripple component of the DC side voltage 
is: 

   
d

mm

CUω

tωrItωLIω
φtωδ

2

)2cos(-)2sin(
)2sin(

22

     (5) 

It can be seen that the ripple voltage frequency is 2 times 
that of the output frequency. The ripple voltage is proportional 
to the square of the output current and is inversely proportional 
to the DC side capacitance voltage. 

A control method with the DC side voltage control and the 
current control in the dq coordinate is proposed for the 
fore-stage rectifier, which eliminates ripple interference. The 
stability of the DC side voltage can be realized. The control 
diagram is shown in Fig. 5. 

The change of the DC side voltage can be obtained as

dcdcdc uuu -Δ * , where *

dcu is the given DC side reference 

voltage. Then the DC side voltage tracking error duΔ  can be 

calculated as )+2sin(Δ=Δ φtωδuu dcd
. After regulation by 

the PI controller, the regulating signal iu is: 

               dtukuki dIdPu ΔΔ              (6) 

Where Pk  and Ik  are the proportional coefficient and 

integral coefficient of the PI, respectively. Here Pk =0.8 and 

Ik =16 for the three PIs in Fig. 5. 

The three-phase AC side currents are transformed into id and 
iq in the dq coordinates. When the system works at a unity 
power factor, the reference currents irefd=0 and irefd=iu are given 
in the dq coordinates.  

In the proposed control method, DC-side voltage control is 
to maintain the stability of the DC side voltage. The function of  

 
Fig. 6. Control process of the back-stage inverter based on the 

membership cloud model. 

 
the current control is to make the actual input current of the 
fore-stage rectifier capable of achieving unity power factor 
control. 

B. The Control Method for the Back Stage Inverter 

The output currents of the back-stage inverter directly 
drive the electromagnetic stirrer. In order to meet the positive 
and reverse driving requirements of the two-phase 
electromagnetic stirrer, the back-stage inverter should 
achieve fast and accurate tracking of the given reference 
currents. A current tracking control method based on the 
membership cloud model is proposed in the paper. 

The membership cloud model is an effective method to 
represent and reason the knowledge for combining randomness 
with fuzziness, which can realize the natural transformation 
between a qualitative linguistic value and a quantitative value 
[13]-[17]. 

The control process of the back-stage inverter, based on the 
membership cloud model, is shown in Fig. 6. 

It can be seen from Fig. 6 that the control idea of the control 
method based on the membership cloud model looks like the 
idea of a PI controller. However, they are different in nature. 
The membership cloud model reasoning includes three steps: 
numerical cloud, cloud uncertainty reasoning and numerical 
results. 

The input signals of the membership cloud model reasoning 
are the error e and the error integral ec of the output current in 
the back-stage inverter. The output is u. The domain of each 
variable can be expressed as [Xmin, Xmax]. In this paper, the 
domains of e and ec are both [-10,10] and the domain of u is 
[-5,5]. The golden section method [18] is used to generate 7 
clouds for each domain, which represent linguistic values. Take 
the error e as an example. The digital features of the cloud 
contain the expected value Ex, the entropy En and the super 
entropy He. The expected value Ex is the central value 
reflecting the information center value of the corresponding 
qualitative knowledge. The entropy En is a measure of the 
fuzzy degree of the qualitative concept reflecting the numerical 
range that can be accepted by this concept in the field of theory. 
He is the super entropy reflecting the degree of the discrete 
droplets.  

The cloud model of the error e can be expressed as Ge (Ex, 
En, He). The 7-flower-cloud of e is obtained by Golden 
Segmentation as: 

E-3=“big negative error” 
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=Ge1(-10 3.34 0.42)； 

E-2=“middle negative error” 

= Ge2(-3.82 2.06 0.26)； 

E-1=“small negative error” 

= Ge3(-1.90 1.26 0.16)； 

E0=“zero error”= Ge4(0 0.39 0.1)； 

E+1=“small positive error” 

= Ge5(1.9 1.26 0.16)； 

E+2=“middle positive error” 

= Ge6(3.82 2.06 0.26)； 

E+3=“big positive error” 

= Ge7(10 3.34 0.42)。 
 

A positive cloud generator is constructed by these three 
numerical features. Assuming that the random function 

),( σExR obeys a normal distribution, with a standard 

deviation of σ , a normal random entropy with En and He is 

generated. 

),(' HeEnREn                  (7) 

Then a normal random number ix  with the expected value 

of Ex and a standard deviation of '

nE  is generated as: 

),(= '
ni EExRx               (8) 

The membership equation with a normal distribution is 
finally obtained: 

}
2

)-(-
exp{ 2

2

'

n

i
i

E

Exx
μ               (9) 

ix with the degree of membership iμ  is a cloud droplet. A 

large number of ix construct a cloud. A 7-flower-cloud of e is 

shown in Fig. 7. The number of droplets in every cloud is 1000. 
ec and u cloud model curves can be obtained in the same way. 

GA((Exx Exy),(Enx Eny),(Hex, Hey)) is a two-dimensional 
membership cloud model, if it meets: 

),('

exnxnx HERE                (10) 
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eynyny HERE               (11) 
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Then the two-dimension cloud generator with an X-term is 
made as CGA, if the given signals are put into Equ. (12). In 
other words: 

}
2

)-(-

2

)-(-
exp{)( 2

2

2

2

'

nec

xecc

'

ne

xe

E

Ee

E

Ee
ec,eμ       (13) 

A two-dimension membership cloud model is shown in Fig. 
8 at “if E+3 and EC0”. The cloud drop number is 1000. The 
number of droplets in every cloud is 1000. 

Set μ be a given value. Then CGB is a one-dimension cloud 

generator with Y-term, if it meets: 

 
Fig. 7. Membership cloud of the error. 

 

 
Fig. 8. Two-dimension membership cloud model. 
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Fig. 9. Single rule generator. 
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             (15) 

Considering the two-condition and single output rule: “if A 
and B then Z”, the single qualitative rule is constructed by the 
X-term two-dimensional cloud generator and the Y-term 
one-dimensional cloud generator, which is shown in Fig. 9. 

The 3E rule is a rule that cloud drops at the universe of 
discourse U mainly contributing to the qualitative conception D 
are in the range of [Ex-3En, Ex+3En]. The 3E rule is given as 
follows. At the universe of discourse U, any value of x at X 
contributes to the qualitative conception D: 

               
n
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Obviously, there is: 
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Therefore, quantified data contributing to the qualitative 
conception D is mainly in the range of [Ex-3En, Ex+3En]. The 
other quantified data out of this region can be neglected. Thus, 
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Fig. 10. Rule generator. 
 

x should satisfy: 

(1)  nxnx EE,EEx 33   

(2) nxnx EEx,EExif 33   

(3) nxnx EEx,EExif 33   
Multiple qualitative rules are constructed as shown in Fig. 10. 

CGAi, and CGBi are the two-dimension cloud generator with the 
X-term and the one-dimension cloud generator with the Y-term, 
respectively. The input and output signals should meet the 
requirements of the 3E rule in the rule generator. 

In Fig. 10, after the input signals, which meet the 
requirements of the 3E rule for obtaining the corresponding 
linguistic value, the input signals stimulate the cloud generator 
of CGAi (i = 1, 2,..., n), where n=49. Each CGAi randomly 
produces a group of

ijAi μμ   (j = 1, 2,..., m) values, where 

m=1000. These values indicate that the qualitative rules are 

selected. iz  can be obtained by the corresponding CGBi to 

produce m drop( iz ，
ijμ ) cloud drops. The k weighted mean of 

zi meeting the requirements of the 3E rule is the output, that is: 
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According to the working principle of the electromagnetic 

stirring, the phase α  and phase β  currents flowing through 

the electromagnetic stirrer are low frequency sine wave 
currents with equal amplitudes and a phase difference of 90 
degrees. The given reference output currents of the back-stage 
inverter can be expressed as: 

                  

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Fig. 11. Control diagram of the back-stage inverter. 
 

TABLE II   
ON-OFF RELATIONSHIP BETWEEN TV12, TV23, TV45, TV56 AND THE 

POWER SWITCH DEVICES 
 V1 V2 V3 V4 V5 V6 

FV1 1 1 1 1 1 1 

FV2 0 0 0 0 0 0 

FV3 1 1 1 1 1 1 

FV4 1 1 1 1 1 1 

FV5 0 0 0 0 0 0 

FV6 1 1 1 1 1 1 

Tv12 1 0 0 0 0 0 

Tv23 0 0 1 0 0 0 

Tv45 0 0 0 1 0 0 

Tv56 0 0 0 0 0 1 

 

In Equ. (19), *I and *ω are the expected amplitude and 

frequency of the output current of the two-phase orthogonal 
inverter, respectively. 

In order to balance the DC side capacitor voltages, the error 
of the two capacitor voltages is controlled by a PI controller. 
The output is iΔ . iΔ is added to the two-phase inverter 

output current control. Therefore, the reference two-phase 
output currents are obtained as: 










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

)(

Δ

Δ

βrefαrefrefw

*

ββref

*

ααref

iii

iii

iii

           (20) 

When one of the power switch devices in the back-stage 
inverter breaks down, the two-phase 3-brige inverter circuit is 
reconfigured into a two-phase half bridge inverter circuit. Its 
corresponding control block diagram is shown in Fig. 11. 

The on-off relationship between TV12, TV23, TV45, TV56 and 
the power switch devices is shown in Table II. For example, if 
the power switch devices V2 and V5 are faulty, the back-stage 
of inverter is reconstructed as a two-phase half bridge inverter 
circuit according to table I and Fig. 3. It is not necessary to 
trigger V2 and V5. Then TV12, TV23, TV45, TV56, Fv2 and Fv5 are 
off, while Fv1, Fv3, Fv4 and Fv6 are on.  

Therefore, when the system operates in the fault condition, it 
is not necessary to change the control method. 

 

IV. SIMULATION AND EXPERIMENT 
A. Simulation Results and Analysis 
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TABLE III 
MAIN PARAMETERS OF THE POWER SUPPLY 

Main Parameters Values 

grid voltage/V 380 

filter inductor in gird side/mH 1 

DC side capacitor /μF 10000 

DC side voltage/V 800 

switching frequency of IGBT /kHz 10 

filter on the output side L0=0.5mH 

r0=0.01Ω 

inductor of electromagnetic stirrer/ mH 50 

resistor of electromagnetic stirrer /Ω 0.5 
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Fig. 12. Control diagram of the back-stage inverter for the 
traditional structure. 

 
In order to verify the proposed structure and control 

method, a circuit model of the proposed structure is 
constructed in PSIM. The main parameters are shown in 
Table III. 

During the operating process, the electromagnetic stirrer 
operates in the three states of positive rotation, stop and reverse 
rotation. In order to achieve good electromagnetic stirring 
performance, the electromagnetic stirrer generates a rotating 
magnetic field in the clockwise direction by driving the 
back-stage inverter at 0-0.8s. Then the electromagnetic stirrer 
stops at 0.8-1.2s. The amplitude of the output current is 
progressively reduced since the current of the electromagnetic 
stirring coil cannot be mutated. The electromagnetic stirrer 
generates a rotating magnetic field in the counter clockwise 
direction by the inverter at 1.2-2s.  

The traditional structure is simulated first with the control 
method for the back-stage inverter shown in Fig. 12. The 
control method for the fore-stage rectifier is the same as that of 
the fault tolerant structure. 

Simulation results with the traditional structure and control 
strategy are shown in Fig. 13-14. 

From Fig. 13, it can be seen that when the operating states of 
the electromagnetic stirrer with the traditional power supply  

 
(a) Currents of the PWM rectifier. 

 
(b) Output currents of the back-stage inverter. 

 
(c) DC side voltage. 

Fig. 13. Simulation results under normal operation with the 
traditional structure and control strategy. 
 
change, the three-phase currents of the fore-stage rectifier are 
kept sinusoidal. The three-phase output currents of the 
back-stage inverter are kept in a good shape. The whole DC 
side voltage is always stable at 800V. 

However, if the back-stage inverter with the traditional 
structure is faulty, the electromagnetic stirrer cannot work 
normally. The output currents of the back-stage inverter with 
faulty bridges α, β and w are shown in Fig. 14(b)-(d), 
respectively. It can be seen in these figures that the two-phase 
orthogonal currents cannot be obtained. Especially in the stop 
period, the output currents overflow.  

Simulation results with the proposed structure and control 
strategy are shown in Fig. 15-16. 

The simulation results under normal operation with the 
proposed fault tolerant structure and control strategy are 
shown in Fig. 15. These figures have the same waves as the 
traditional structure because of the same structure. The 
three-phase output currents of the back-stage inverter can 
track the given currents and keep good shapes. The whole DC 
side voltage is always stable at 800V. 

When one of the power switch devices in the back-stage 
breaks down, the two-phase 3-bridge inverter circuit is 
reconfigured into the two-phase half bridge inverter circuit. Fig. 
16 shows the simulation results under faulty operation. The 
results under faulty operation are almost as good as those under 
normal operation.  



A Fault Tolerant Structure and Control Strategy for Electromagnetic …                  1263 

 

 
(a) Currents of the fore-stage rectifier. 

 
(b) Output currents of the back-stage inverter with a faulty 

bridge α. 

 
(c) Output currents of the back-stage inverter with a faulty 

bridge β. 

 
(d) Output currents of the back-stage inverter with a faulty 

bridge w. 
Fig. 14. Simulation results under faulty operation with the 
traditional structure and control strategy. 
 

 
(a) Currents of the fore-stage rectifier. 

 
(b) Output currents of the fore-stage rectifier. 

 
(c) DC side voltage. 

Fig. 15. Simulation results under normal operation with the 
proposed structure and control strategy. 
 

 
(a) Currents of the fore-stage rectifier. 

 
(b) Output currents of the back-stage inverter. 

 
(c) DC side voltage. 

 
(d) C1 capacitor voltage. 
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(e) C2 capacitor voltage. 

Fig. 16. Simulation results under faulty operation with the 
proposed structure and control strategy. 
 

 
(a) Output currents in positive rotation. 

 
(b) Output currents in reverse rotation. 

 
(c) DC-side voltage. 

Fig. 17. Experimental results operating in the normal stable 
condition. 

 
All of the simulation results show that the output currents 

can quickly track the reference currents and have good shapes. 
This means that the follow-up trace and precise control by the 
proposed control strategy are realized under different changing 
operating conditions. The DC side voltage is kept stable. 
Therefore, the proposed fault topology and control strategy are 
feasible according to the simulation results. 

B. Experimental Results and Analysis 

  The proposed fault tolerant topology rated at 300 kVA 380V 

 
(a) Output currents. 

 

 
(b) DC-side voltage. 

 

Fig. 18. Experimental results while operating in the normal 
dynamic condition. 

 
voltage for an electromagnetic stirring power supply and its 
corresponding control strategy have been implemented. All of 
the parameters used in the experiments are listed in Table III. 

Experimental results while operating in the normal stable 
condition are shown in Fig. 17. Whether the electromagnetic 
stirrer is in positive or reverse rotation, the output currents are 
smooth sinewaves, and track the reference currents correctly. 
The DC-side voltage wave is stable. The phase difference 
between the two-phase orthogonal currents is 90°, which are 
waves 1 and 3 in Fig.17 (a)-(b), corresponding to forward and 
reverse rotation, respectively.  

The experimental results while operating in the normal 
dynamic condition are presented in Fig. 18. When the 
electromagnetic stirrer is operated in positive-stop-reverse 
rotation, the inverter output currents quickly change with the 
proposed cloud model control method and the current waves 
are kept good. In addition, the DC side voltage is still stable. 

Experimental results obtained while operating under stable 
and dynamic fault conditions are shown in Fig. 19-20, 
respectively. From Fig.19-20 it can be seen that the output 
currents are still sinusoidal in shape when the electromagnetic 
stirrer is running in the fault condition. The DC side voltage is 
also stable. These results validate that the proposed topology 
structure and corresponding control strategy are feasible.  
According to the aforementioned results, the proposed 
topology structure and corresponding control strategy can 
diminish the DC side ripple voltage caused by the 
electromagnetic stirrer changing its operating states. The stable 
control of the power supply is solved. The reliability and 
performance of the electromagnetic power supply are greatly 
improved. 
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(a) Output currents in forward rotation at 1s/grid. 

 

 
(b) Output currents in forward rotation at 100ms/grid. 

 

 
(c) DC-side voltage. 

 

 
(d) C1 capacitor voltage. 

 

 
(e) C2 capacitor voltage. 

 

Fig. 19. Experimental results operating in the fault stable 
condition. 

 
(a) Output currents. 

 

 
(b) DC-side voltage. 

Fig. 20. Experimental results operating in the fault dynamic 
condition. 

 

V. CONCLUSIONS 

A fault tolerant topology structure and its control strategy for 
electromagnetic stirrer power supplies are proposed in this 
paper. The back-stage inverter circuit is reconfigured in the 
faulty condition. After getting rid of the failed power switching 
devices, the rest of the power switching devices and the DC 
side capacitor form a two-phase half bridge inverter circuit to 
keep the system running. There is no coupling between the 
fore-stage and back-stage of the electromagnetic stirrer power 
supply. As a result, they can be regarded as two relatively 
independent control objects. The control strategy is proposed 
for the electromagnetic stirrer power supplies in this paper. It is 
not necessary to change control methods in the fault condition. 
Simulation and experimental results show that the proposed 
topology and control strategy are correct under normal and 
faulty conditions. 
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