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Abstract: A reconstructed topology with fault diagnosis and fault-tolerant control strategy of the
two-phase quadrature power supply of an electromagnetic stirring system are proposed to improve
the reliability of the system. First, if the back stage inverter is faulty, the topology will be reconstructed
after the diagnosed fault. The reconstructed topology with the fault diagnosis can be applied twice.
Additionally, a fault pulse reset method is proposed to form a fault-tolerant control strategy, for
which the high-reliability electromagnetic stirring power supply does not need to switch the control
algorithm before and after the failure. The reliability of the electromagnetic stirring power supply is
improved greatly. Finally, simulations and experiments verify the correctness of the electromagnetic
stirring power supply fault diagnosis algorithm, reconstruction topology, and its fault-tolerant control
strategy proposed in this paper.

Keywords: electromagnetic stirring; low frequency power supply; two-phase quadrature inverter;
fault diagnosis; secondary reconstruction

1. Introduction

Currently, electromagnetic stirring continuous casting technology has become the
most popular and main steelmaking technology. Electromagnetic stirring can make the
continuous steel casting process more stable, reduce the rate of breakout, and increase the
casting speed of the slab. At the same time, it can improve the quality of the product while
increasing the output [1–5]. The power supply is the key equipment of electromagnetic
stirring, and its current waveform quality and response speed directly affect the quality of
continuously cast steel [6,7].

The electromagnetic stirring power supply belongs to the special industrial frequency
conversion power supply. At present, the domestic research on electromagnetic stirring for
continuous casting mainly concentrates on the stirring form and parameter optimization,
but little on the power source. Most of them are modified inverters, lacking a mature power
supply. In order to make the stirring uniform and not too violent, the electromagnetic
stirring power supply needs to work at a low frequency to obtain a greater penetration
depth, stirring force, and higher power factor. Thus, the low-voltage variable frequency
power supply is an indispensable and important part of the entire electromagnetic stirring
system. It can convert the power frequency of the power grid into alternating current with
adjustable frequency to supply power for the electromagnetic stirrer, thereby improving
the quality of the cast slab. The stirring force of the electromagnetic stirrer is related to the
current of the power supply, and the power supply of the electromagnetic stirrer is required
to provide a current with adjustable amplitude, variable frequency, and changeable phase.

The electromagnetic stirring power supply for steel continuous casting generally
adopts a two-phase quadrature inverter power supply, which outputs two-phase quadra-
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ture current to supply for the induction coil, which stimulates the formation of electromag-
netic thrust, thereby causing the molten steel to rotate [6–8]. In the traditional topological
structure of the two-phase inverter power supply, the front and rear two-stage structure of
the front-stage rectifier, the back-stage inverter is generally adopted. The front stage adopts
the uncontrollable rectification method to convert the three-phase alternating current into
a stable direct current power source, which seriously pollutes the power grid with a low
power factor and a high harmonic content. For the topology of the rear-stage two-phase
quadrature inverter, the literatures [9,10] adopt the structure of two single-phase inverters,
and each inverter is connected to a phase electromagnetic stirring roller. This kind of
structure has the characteristics of simple control and high DC voltage utilization rate,
but it needs 8 Insulated Gate Bipolar Transistors (IGBTs) and the number of components
is large. Morever, there is a certain power loss and high cost. In order to reduce the
use of IGBTs and reduce power loss, studies have [11] proposed the use of four power
switches to form two bridge arms, each of which forms a half-bridge inverter with a DC
side capacitor to form a two-phase quadrature inverter to obtain two-phase quadrature
output current. Although the number of components of this structure is reduced, its DC
voltage utilization rate is still very low, and the two capacitors on the DC side need to be
balanced. In order to bridge the shortcomings, previous studies [12–14] have used the six
power switches to form three bridge arms, of which two switch arms are independent,
and the third switch arm became a common arm. Thus, a two-phase quadrature inverter
is formed and the two-phase quadrature output current can be obtained by adopting a
suitable control method.

On the other hand, the operating process of the electromagnetic stirrer “forward
stirring-stop-reverse stirring” makes the electromagnetic stirring power supply prone to
failure, and once the electromagnetic stirring power supply fails, it will greatly affect the
quality of the produced steel. Since the back-stage inverter is closest to the electromagnetic
stirrer, the most prone to accidents in the electromagnetic stirring power supply system
is the power components and control circuits in the back-stage inverter [15–20]. When an
accident occurs in the back-stage inverter, the whole system will breakdown, and it may
lead to unimaginable consequences if the situation is very severe. Therefore, the back-stage
inverter is required to achieve fault-tolerant operation when an accident occurs. The most
commonly used inverter fault-tolerant topology is by adding three low-cost bidirectional
thyristors, which can be reconstructed into a three-phase four-switch inverter when a
short-circuit or open-circuit fault occurs in the three-phase six-switch source inverter. At
present, the fault tolerant research of inverters is mainly applied in motor systems [21–24],
photovoltaic systems [25,26], and so on.

This paper proposes a highly reliable electromagnetic stirring power supply, which
can realize fault diagnosis and topology reconstruction twice. The corresponding control
method is proposed, so that the high-reliability electromagnetic stirring power supply
does not need to switch the control algorithm before and after the failure. The structure
and control algorithm greatly improve the reliability of the electromagnetic stirring power
supply system.

2. Materials and Methods
2.1. The Structure and Principle of High-Reliability Electromagnetic Stirring Power Supply

The electromagnetic stirrer makes the use of electromagnetic induction to push the
liquid metal melt to flow at a high temperature. When a low-frequency current is applied to
the electromagnetic stirrer, a magnetic field is generated. This magnetic field passes through
the molten metal and produces relative motion with the molten metal, which changes the
magnetic flux in the molten metal and induces internal induction electromotive force and
current. The induced current interacts with the magnetic field to generate electromagnetic
force, which leads to the stirring of the molten metal by promoting directional flow. Thus, it
is obvious that electromagnetic stirring can achieve the non-contact stirring of liquid metal
by means of electromagnetic force. The stirring intensity can be adjusted by changing the



Appl. Sci. 2021, 11, 9874 3 of 17

magnitude of the current and the stirring direction is varied according to the current phase,
which satisfies the requirements of different processes and different alloys. The frequency
of the current is decided by the size of the furnace and the structure of the electromagnetic
stirrer. Its value is generally between 0.1 to 10 Hz.

The topology of the high-reliability electromagnetic stirring power supply is shown
in Figure 1. The main circuit is composed of four parts. The first part is the front-stage
three-phase voltage-type rectifier circuit. The second part is the back-stage two-phase
quadrature inverter circuit. The third part is the reconstruction topology circuit, and the
fourth part is an electromagnetic stirrer which acts as the load. usa, usb and usc are the grid
voltage. VR1~VR6 are six IGBTs which form the three-phase rectifier circuit. The DC side
capacitance, C, plays the role of filtering energy storage. TR13, TR35, TRwT, and TRW are
triacs, which form a reconstructed topology circuit. The IGBTs, namely V1~V6, constitute
the back-stage inverter circuit. The front-stage rectifier circuit converts the three-phase
alternating current into a stable DC voltage, and supplies power to the back-stage inverter
circuit. The back-stage inverter circuit inverts the direct current into alternating current and
outputs the desired low-frequency current to drive the electromagnetic stirrer. The back-
stage inverter circuit is prone to failure once connected to the load. When an open circuit
fault occurs in the IGBT of the back-stage inverter circuit, it can easily judge the faulty
switch by the fault diagnosis algorithm. Then the inverter topology can be reconstructed to
achieve fault-tolerant operation and greatly improve the reliability of the electromagnetic
stirring power supply.

Figure 1. The structure of the electromagnetic stirring power supply.

2.2. Fault Diagnosis and Reconstruction of the Back-Stage Two-Phase Quadrature Inverter

This section mainly analyzes the fault characteristics of the voltage between the
midpoint potential of the arm and the midpoint potential of the DC side after the open-
circuit failure of the IGBT in the subsequent two-phase quadrature inverter, that is the
three-phase arm midpoint voltage uαo, uwo, and uβo of the inverter in Figure 1, and use
these features to diagnose faults. This section proposes a fault diagnosis algorithm based
on the voltage polarity at the midpoint of the arm can realize secondary fault diagnosis.

2.2.1. The Fault Diagnosis Algorithm and Reconstruction Strategy of the Back-Stage
Two-Phase Quadrature Inverter after Primary Failure

Suppose the bridge arm switch function is:

Sx =

{
1 upper bridge on

−1 lower bridge on
(1)

where x is one of the three phases (α, w, β). The midpoint voltage of the bridge arm can be
expressed as:

uxo =
udc
2

Sx (2)
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Take the fault of IGBT V1 as an example. When V1 works under normal conditions,
the midpoint voltage of the bridge arm is:

uαoN =

{ udc
2 Sα = 1

− udc
2 Sα = −1

(3)

When an open-circuit fault occurs in V1 and Sα = 1, both V1 and V2 are in a discon-
nected state, and point α is suspended. At this time, iα = 0 and uαo ′ = 0. The potential at
point α is equivalent to the potential at point O′, that is, uαoF = uo ′o = −uoo ′ . From the circuit
of the inverter in Figure 1, uoo ′ can be obtained as:

uoo′ = −
uωo′ + uβo′

3
= −udc

3
(
Sω + Sβ

)
+ udc (4)

Then:
uαoF = −uoo′ =

udc
3
(
Sω + Sβ

)
− udc (5)

In Equation (5), uαoF represents uαo after failure. Substituting different values of Sw
and Sβ, the midpoint voltage of the α-phase arm after the fault can be obtained as:

uαoF <
udc
2

(6)

Define the voltage deviation at the midpoint of the bridge arm as:

∆uxo = uxoF − uxoN (7)

Then the voltage deviation at the midpoint of the α-phase arm is:

∆uαo = uαoF − uαoN < 0 (8)

Define the voltage deviation polarity at the midpoint of the bridge arm as:

Jxo =


P ∆uxo > 0

Z ∆uxo = 0

N ∆uxo < 0

(9)

where P, Z, N stand for positive, zero and negative, respectively. Thus there is:

Jαo = N (10)

The voltage polarity at the midpoint of the α-phase arm is negative N. In other words,
when V1 has an open-circuit fault and Sα = 1, the polarity of the voltage at the midpoint of
the bridge arm is negative. In the same way, the polarity of the midpoint voltage of other
bridge arms can be obtained when other IGBTs fail.

In the actual engineering environment, due to various interferences on the DC side
capacitors, the midpoint voltage deviation will not be exactly zero. In order to avoid
misjudgment, the mid-point voltage deviation threshold ∆uth is set to eliminate the zero-
point drift of the mid-point voltage deviation value, so that the polarity of the mid-point
voltage deviation can be redefined as:

Jxo =


P ∆uxo > ∆uth

Z |∆uxo| ≤ ∆uth

N ∆uxo < −∆uth

(11)

In the above equation, P, Z, and N respectively represent the positive, zero, and
negative polarity of the midpoint voltage deviation. In this article, set ∆uth as 1/10 ∆uxomax,
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namely udc/30. Only when |∆uxo| > ∆uth, the polarity of the neutral point voltage devia-
tion value is considered to have changed.

In Table 1, if two switching tubes of the same bridge arm fail at the same time, such
as V1 & V2, V3 & V4, V5 & V6, and if the upper tube is open, the polarity of the midpoint
voltage of the bridge arm is N, and otherwise P.

Table 1. Primary fault diagnosis.

Case Primary Fault Jαo Jwo Jβo

1 / Z Z Z
2 V1 N Z Z
3 V2 P Z Z
4 V3 Z N Z
5 V4 Z P Z
6 V5 Z Z N
7 V6 Z Z P
8 V1 & V2 N/P Z Z
9 V1 & V3 N N Z

10 V1 & V4 N P Z
11 V1 & V5 N Z N
12 V1 & V6 N Z P
13 V2 & V3 P N Z
14 V2 & V4 P P Z
15 V2 & V5 P Z N
16 V2 & V6 P Z P
17 V3 & V4 Z N/P Z
18 V3 & V5 Z N N
19 V3 & V6 Z N P
20 V4 & V5 Z P N
21 V4 & V6 Z P P
22 V5 & V6 Z Z N/P

When the fault is detected in V, immediately reconstruct the inverter topology: first
cut off V1, turn on TRw and TR13, stop triggering V2, and then send the pulse signals of V1
and V2 to V3 and V4 respectively. Namely the α-phase is reconstituted by V3 and V4, and
the DC-side capacitor as the w-phase. The reconstruction process is shown in the Figure 2.

Figure 2. Inverter reconstruction process when the fault occurs in V1. (a) Switching process; (b) Re-
construction result.

The rest of the reconstruction status is shown in Table 2. It can be seen from Table 2
that no matter which IGBT is reconstructed after failure, it can be reconstructed to the
structure shown in Figure 2b, and the w-phase is always replaced by the DC side capacitors.
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Table 2. First reconfigurable inverter switching status.

No. Primary Fault Connection First Reconstruction

0 / TRb /
1 V1 TRw & TR13 Sα (V3, V4) Sw (C1, C2)
2 V2 TRw & TR13 Sα (V3, V4) Sw (C1, C2)
3 V3 TRw Sw (C1, C2)
4 V4 TRw Sw (C1, C2)
5 V5 TRw & TR35 Sβ (V3, V4) Sw (C1, C2)
6 V6 TRw & TR35 Sβ (V3, V4) Sw (C1, C2)
7 V1 & V2 TRw & TR13 Sα (V3, V4) Sw (C1, C2)
8 V3 & V4 TRw Sw (C1, C2)
9 V5 & V6 TRw & TR35 Sβ (V3, V4) Sw (C1, C2)

18 V1 & V4 TRw & TR13 Sα(V3, V2) Sw (C1, C2)
19 V2 & V3 TRw & TR13 Sα(V1, V4) Sw (C1, C2)
20 V3 & V6 TRw & TR35 Sβ(V5, V4) Sw (C1, C2)
21 V4 & V5 TRw & TR35 Sβ(V3, V6) Sw (C1, C2)

2.2.2. The Fault Diagnosis Algorithm and Reconstruction Strategy after the Secondary
Fault of the Back-Stage Two-Phase Quadrature Inverter

The inverter is reconstructed after primary failure, so that the inverter can work in
fault-tolerant conditions. It can be seen from Table 1 that some IGBTs can be used for
reconstruction after some faults have occurred. Take case 2 in Table 1 as an example, when
the fault of V1 is removed, V2 is still normal. Therefore, when a secondary failure occurs in
the inverter, V2 can be used for secondary reconstruction.

Firstly, perform a secondary fault diagnosis on the inverter after the first reconstruction
shown in Figure 2b. Take the IGBT V4 failure as an example. V3 and V4 construct α-phase
in the first reconstruction, so the midpoint voltage of the arm also satisfies Equation (2).
Similarly, when V4 has an open-circuit fault and Sα= 1, both V3 and V4 are in a disconnected
state, and the α point is suspended. Besides, iα = 0 and uαo ′ = 0. The potential at point
α is equivalent to the potential at point O′, that is, uαoF = uo ′o = −uoo ′ . when Sα= −1, the
equivalent circuit is shown in Figure 3.

Figure 3. Equivalent circuit diagram. (a) Sβ= 1; (b) Sβ= −1.

From Figure 3a, we can obtain:

uo′o =
udc
4
× ro + Lo

2(ro + Lo) + Lβ
(12)

The ro is the inner resistance of the inductance Lo. The midpoint voltage deviation of
α-phase is:

∆uαo =
udc
4
× ro + Lo

2(ro + Lo) + Lβ
+

udc
2

> 0 (13)

The polarity of the midpoint voltage deviation is:

Jαo = J[∆uαo] = P (14)
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From Figure 3b, we can get:

uo′o =
udc
4
×

ro + Lo + Lβ

2(ro + Lo) + Lβ
(15)

The voltage deviation at the midpoint is:

uo′o − uαoN =
udc
2

(
1−

ro + Lo + Lβ

4(ro + Lo) + 2Lβ

)
> 0 (16)

The polarity of the midpoint voltage deviation is also positive. That is, when the fault
occurs in V4, no matter whether Sβ = 1 or Sβ = −1, there will be Jαo = P.

In the same way, the polarity of the voltage deviation at the midpoint of the other
arms can be obtained when other IGBTs fail. The secondary fault diagnosis is shown in
Table 3.

Table 3. Secondary fault diagnosis.

Case Primary Fault Secondary Fault Jαo Jβo

1 V1 V4 P Z
2 V1 V6 Z P
3 V2 V3 N Z
4 V2 V5 Z N
5 V3 V2 P Z
6 V3 V6 Z P
7 V4 V1 N Z
8 V4 V5 Z N
9 V5 V2 P P

10 V5 V4 P Z
11 V6 V1 N Z
12 V6 V3 N Z

It can be seen from the reasoning process that the secondary fault diagnosis method is
the same as the fault diagnosis method for the primary fault. The fault diagnosis method
based on the voltage polarity at the midpoint of the bridge arm can be applied to the
secondary fault diagnosis after the primary fault occurring in inverter and reconfiguration,
which has the characteristic of strong versatility.

When the fault is detected in V4, the inverter topology is immediately reconstructed
for the second time: V4 is cut off, TRw and TR13 are kept connected, and V2 is triggered.
Namely α-phase is reconstructed by V3 and V2, and the DC side capacitor remains as the
w-phase. The reconstruction result is shown in the Figure 4. The rest of the reconstruction
status is shown in Table 4.

Figure 4. Inverter reconstruction process when V4 fails. (a) Switching process; (b) Reconstruction result.
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Table 4. Secondary reconfigurable inverter switching status.

Case Primary Fault Connection Secondary Fault Secondary
Construction

1 V1 TRw & TR13 V4 Sα (V3, V2)
2 V2 TRw & TR13 V3 Sα (V1, V4)
3 V3 TRw & TR13 V2 Sα (V1, V4)
4 V3 TRw & TR35 V6 Sβ (V5, V4)
5 V4 TRw & TR13 V1 Sα (V3, V2)
6 V4 TRw & TR35 V5 Sβ (V3, V6)
7 V5 TRw & TR35 V4 Sβ (V3, V6)
8 V6 TRw & TR35 V3 Sβ (V5, V4)

It can be seen from Table 4 that after some switching tubes are reconstructed after
failure, the second reconstruction can also be carried out into the topology shown in
Figure 2b, and the w-phase is always reconstructed by the DC side capacitor. And this
structure ensures that the stirring effect of the important two-phase α-phase and β-phase
of the electromagnetic stirrer is not affected.

2.3. Fault-Tolerant Control Strategy

The control goal of the front-stage rectifier is to achieve the stability of the total DC
side voltage of the two series DC capacitors. Due to the existence of the common arm in the
back-stage inverter, the change of output power leads to the change of the instantaneous
power of the DC side capacitor all the time. DC side voltage is not a constant value, but
there are certain fluctuations that need to be suppressed. The goal of the back-stage inverter
control is to achieve equal voltage on the two DC sides and make the inverter output
current equal to the current reference value. And when the inverter is converted from the
normal working state to the fault-tolerant working state, there is no need to change the
control method.

For the front-stage rectifier, the grid voltage is:
usa = Usm sin(ω0t)

usb = Usm sin
(
ω0t− 2π

3
)

usc = Usm sin
(
ω0t + 2π

3
) (17)

where ω0 is an angular frequency with a frequency of 50 Hz. The measured grid current is
isa, isb and isc. Then the apparent power Ps on the grid side is:

Ps = usaisa + usbisb + uscisc (18)

The apparent power Ps on the grid side can also be expressed as:

Ps =
3Usm

2
Ism (19)

where Ism is the magnitude of the grid current, then Ism is:

Ism =
2Ps

3Usm
(20)

As a load, the operating condition of the electromagnetic stirrer is forward stirring-
stop-reverse stirring. Its power is constantly changing, which causes voltage fluctuations
on the DC side. Use the feedforward PI control to control the fluctuation of the DC side
voltage, and we can get:

∆Idc = kp(udc
∗ − udc) + ki

∫
Ts
(udc

∗ − udc)dt (21)
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where kp is the proportionality coefficient and ki is integral coefficient for the PI control.
Then the magnitude of the grid reference current is:

Ism
∗ = Ism + ∆Idc (22)

The reference current of the grid is:
i∗sa = I∗sm sin(ωt)

i∗sb = I∗sm sin
(
ωt− 2π

3
)

i∗sc = I∗sm sin
(
ωt + 2π

3
) (23)

According to Figure 1, the output voltage of the front-stage rectifier can be expressed
as: 

uRa = usa − Ls
disa
dt = udcDRa

uRb = usb − Ls
disb
dt = udcDRb

uRc = usc − Ls
disc
dt = udcDRc

(24)

where DRx is the modulating switch signal, and x = (a, b, c). Discretize Equation (24) to get:
usa(k)− Ls

isa(k+1)−isa(k)
Ts

= udc(k)DRa(k)

usb(k)− Ls
isb(k+1)−isb(k)

Ts
= udc(k)DRb(k)

usc(k)− Ls
isc(k+1)−isc(k)

Ts
= udc(k)DRc(k)

(25)

where, Ts is the switching period of the IGBT. Take the grid reference current as the
sampling current value of the (k + 1)th switching cycle, namely:

isa(k + 1) = i∗sa

isb(k + 1) = i∗sb

isc(k + 1) = i∗sc

(26)

According to Equation (26), we can get:
DRa(k) = 1

udc(k)

{
usa(k)− Ls

Ts
[i∗sa(k)− isa(k)]

}
DRb(k) = 1

udc(k)

{
usb(k)− Ls

Ts

[
i∗sb(k)− isb(k)

]}
DRc(k) = 1

udc(k)

{
usc(k)− Ls

Ts
[i∗sc(k)− isc(k)]

} (27)

Send the three-phase modulation signal obtained by Equation (27) to the PWM modu-
lation unit, then we can get the output of the switching drive signal of the rectifier, and the
IGBT is driven to output the desired voltage and current. In this way, a composite control
method of feedforward control and feedback control is formed, which effectively combines
the fast response speed of feedforward control and the closed-loop tracking characteristics
of feedback, and realizes the stability of the total DC side voltage. And the three-phase
input current is sine wave and with high power factor, which provides high-quality DC
voltage for the back-stage inverter. In the control strategy of the back-stage inverter, it is
necessary to realize the tracking of the given current and the voltage equalization of the
DC side capacitances.
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First, compare the detected voltages on the two DC capacitors with the given DC side
voltages, and we can obtain:

∆I1 = kp1 + ki1

∫ (u∗dc
2
− udc1

)
dt (28)

∆I2 = kp2 + ki2

∫ (u∗dc
2
− udc2

)
dt (29)

kp1 is the proportionality coefficient and ki1 is integral coefficient for the PI1 controller.
kp2 is the proportionality coefficient and ki2 is integral coefficient for the PI2 controller. The
amplitude of the output current of the electromagnetic stirring power supply specified by
the user is I*, and the frequency is ω*. Therefore, the corrected given current amplitude is:

Im = I∗ − ∆I1 − ∆I2 (30)

The given current is: 
iα
∗ = Im sin(ω∗t)

iβ
∗ = Im sin

(
ω∗t− π

2
)

iω
∗ = −i∗α − i∗β

(31)

Perform PR control on the difference between the detected output current of the
electromagnetic stirrer and the given current to obtain a modulation signal, and perform
SPWM modulation on the modulation signal to obtain 6 pulse signals. Finally, after
resetting the fault-tolerant pulse, the final pulse signals of the 6 IGBTs are obtained.

The overall control process of the electromagnetic stirring system is shown in Figure 5.

Figure 5. Overall control block diagram.

The fault-tolerant pulse reset rule in the above figure is shown in Figure 6. The red
dashed box in the figure is the pulse reset required for reconstruction after primary failure,
corresponding to case 1–21 in Table 2. The blue dashed box is the pulse reset required for
reconstruction after secondary failure, corresponding to case 1–8 in Table 4. Take case1 of
the first failure as an example: if the α-phase IGBT V1 fails, V3 and V4 will be reconstructed
into the α-phase, and the two capacitors on the DC side will form the w-phase. At the same
time, in the control algorithm, the original pulse signals of V1 and V2 are reset to V3 and
V4 respectively, that is, SV3 = SV1, SV4 = SV2. There is no need to change the control method,
and the topology of the back-stage inverter is still maintained in a normal working state
after reconstruction.
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Figure 6. Reset rules of fault-tolerant pulse.

3. Results and Discussion
3.1. Simulation and Analysis

In order to verify the correctness and effectiveness of the reconstructing main circuit
topology and the control strategy of the high-reliability electromagnetic stirring power
supply presented in this paper, the proposed topology is modeled on PSim and simulation
experiments are performed. When the system is running normally, the simulation circuit
model is shown in Figure 1. The grid voltage is 380 V, 50 Hz. The filter inductance on the
grid side is 0.5 mH. The DC side capacitance value is 5000 µF. The DC side voltage is 800 V.
The inverter output side filter is 1 mH. The equivalent inductance of the electromagnetic
stirrer is 10 mH, and the equivalent resistance is 0.1 Ω. In the working process of the
electromagnetic stirrer, it usually runs in three working states of forward rotation, stop,
and reverse rotation.

When the electromagnetic stirring power supply works normally, the output currents,
DC side output voltage and the power factor of the electromagnetic stirring power supply
are shown in Figure 7.

Figure 7. Simulation results under the normal operation of electromagnetic stirring power supply.
(a) Output currents; (b) DC side voltage; (c) power factor.



Appl. Sci. 2021, 11, 9874 12 of 17

From the Figure 7, if the electromagnetic stirring power supply works normally, the
output currents are good sine waves. The amplitudes of phase α and phase β are same,
and the phase angle is 90 degrees between the two phases. The amplitude of phase w is
greater because there is no inductance. The DC side voltage is stable at 800 V. The power
factor keeps the value 0.93.

If the current system does not have the reconstruction topology shown in the yellow
box in Figure 1, and the simulation results of the failures of the back-stage inverter are
shown in Figure 8.

Figure 8. Output currents of electromagnetic stirring power supply without fault tolerance. (a) faulty
V1 at t = 0.7 s; (b) faulty V1 at t = 0.5 s and faulty V4 at t = 2.5 s; (c) both faulty V1 at t = 0.5 s and
faulty V2 at t = 0.5 s; (d) faulty V1 at t = 0.5 s and faulty V4 at t = 0.5 s.

Four different faulty conditions are done without the proposed reconstruction topol-
ogy in the paper. The single switch V1 faults at t = 0.7 s. The two switches V1 and V4 are at
t = 0.5 s for the first fault and t = 2.5 s for the second fault, respectively. Both V1 and V2 in
the same bridge are faulty at t = 0.5 s. Both V1 and V4 in the different bridge are faulty at
t = 0.5 s. The output currents of the back-stage inverter cannot get the correct waveform in
above faulty conditions. The system cannot work normally if the power system does not
have the reconstruction topology.

The proposed reconstructed topology of the system is shown in the yellow box in
Figure 1. The simulation results in four different fault conditions with the proposed
reconstructed topology are shown in Figure 9 for single faulty switch, Figure 10 for second
fault, Figure 11 for two fault switches in the same bridge, and Figure 12 for two fault
switches in different bridges.

The single switch V1 faults at t = 0.7 s in Figure 9. The switch V1 is at t = 0.5 s for the
first fault and switch V4 at t = 2.5 s for the second fault, respectively, in Figure 10. Both
V1 and V2 in the same bridge are faulty at t = 0.5 s in Figure 11. Both V1 and V4 in the
different bridge are faulty at t = 0.5 s in Figure 12. The output currents of the back-stage
inverter cannot get the correct waveform in above faulty conditions. It can be seen from
these figures that different faults are diagnosed correctly. The output current waveforms
can track the given current waveforms and can keep good shapes before and after the fault
through transient vibration of about 0.01 s. The power factors can be maintained stable
before and after the fault. All waveforms are almost the same as Figure 7. The waveforms
of the DC side voltage in different faulty conditions are the same as Figure 7b, which are
not shown here in order to avoid repetition.
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From all the simulation results, we can obtain that the electromagnetic stirring power
supply reconstructed topology proposed in this paper can maintain the normal operation
of the system when the back-stage inverter fails. It verifies the validity of the fault diagnosis
algorithm proposed in this paper, the correctness of the reconstructed topology, and the
fault tolerant control strategy.

Figure 9. Faulty V1 at t = 0.7 s. (a) faulty signal of V1; (b) Output currents; (c) power factor.

Figure 10. Faulty V1 at t = 0.5 s and faulty V4 at t = 2.5 s. (a) faulty signal of V1; (b) faulty signal of
V4; (c) Output currents; (d) power factor.
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Figure 11. Faulty V1 and V2 at t = 0.5 s. (a) faulty signal of V1; (b) faulty signal of V2; (c) Output
currents; (d) power factor.

Figure 12. Faulty V1 and V4 at t = 0.5 s. (a) faulty signal of V1; (b) faulty signal of V2; (c) Output
currents; (d) power factor.

3.2. Experiment and Analysis

The reconstructed topology of high-reliability electromagnetic stirring power supply
and the control algorithm are applied to the electromagnetic stirrer for experiments. The
grid voltage is 380 V, 50 Hz. The filter inductance on the grid side is 1 mH. The DC
side capacitance value is 5000 µF. The DC side voltage is 400 V. The inverter output side
filter is 0.5 mH. The equivalent inductance of the electromagnetic stirrer is 50 mH, and
the equivalent resistance is 0.5 Ω. This article uses Case 2 in Table 1 as an example for
experimental verification. The experimental results are shown in Figures 13–15.
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Figure 13. Experimental results in the normal operation. (a) the output currents; (b) the DC side voltage.

Figure 14. Experimental results in the faulty operation without reconstructing topology. (a) the
output currents; (b) the DC side voltage.

Figure 15. Experimental results in the faulty operation with reconstructing topology. (a) the output
currents; (b) the DC-side voltage ; (c) the output currents in the forward operation; (d) the DC-side
voltage in the forward operation; (e) the output currents in the reverse operation; (f) the DC-side
voltage in the reverse operation.

Figure 13a,b are the waveforms of three-phase output currents and the corresponding
DC side voltage of the normal working conditions for the forward-stop-reverse operation.
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The three-phase output currents are completely consistent with the given currents, and the
DC side voltage is stable without fluctuations. Figure 14a,b are the waveforms of α-phase
output current and the corresponding DC side voltage of the fault working conditions
without reconstructed topology for the forward-stop-reverse operation. The output current
is distorted, and the amplitude and phase of the given current waveform cannot be tracked
at all, and the DC side voltage also fluctuates. Figure 15a–f are the waveforms of the
three-phase output currents and the corresponding DC side voltage of the fault working
conditions and reconstructed topology for the forward-stop-reverse operation, the three-
phase output current and the corresponding DC side voltage for forward running condition,
the three-phase output current and the corresponding DC side voltage for reverse working
operation. From Figure 15a–f, it can be seen that, regardless of whether the electromagnetic
stirrer is agitated forward or reversely, the three-phase output currents of the inverter
can be consistent with normal operation, which can maintain a smooth sine wave and
correctly follow the given currents. The DC side voltage remains stable. Therefore, the
problem of stable control of the high-reliability electromagnetic stirring power supply is
solved. The switching of forward-stop or stop-reverse stirring can be maintained fast. The
experimental results verify the validity of the fault diagnosis algorithm, the correctness of
the reconstructed topology and the fault-tolerant control strategy proposed in this paper.

4. Conclusions

This paper proposes a fault diagnosis algorithm, reconstructed topology and its fault-
tolerant control strategy for a high-reliability electromagnetic stirring power supply, which
is applied to electromagnetic stirrers. The high-reliability electromagnetic stirring power
supply includes a front-stage rectifier and a back-stage reconstructed inverter. When a
fault occurs in IGBT in the back-stage reconstructed inverter, the fault diagnosis algorithm
locates the fault switch and removes the faulty IGBT while the inverter is reconstructed
to keep the system running continuously. The system can realize both fault diagnosis
and reconstruction twice. A pulse reset method combined with the control method of the
back-stage inverter for the purpose of forming a fault-tolerant control strategy is proposed,
so the high-reliability electromagnetic stirring power supply does not need to switch the
control algorithm before and after the failure. The reliability of the electromagnetic stirring
power supply is improved from the control algorithm. Moreover, it ensures the ability of
quick tracking currents of the system and the reliable and stable operation of the device.
Finally, simulations and experiments verify the validity of the fault diagnosis algorithm, the
correctness of the reconstructed topology and the fault-tolerant control strategy proposed
in this paper.
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