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ARTICLE INFO ABSTRACT
This study presents a modified control method for induction motor drives powered
Article History: by a three-phase four-switch inverter. The objective is to enhance the robustness of

inverters in controlling induction motors by replacing the six-switch inverter with
a four-switch inverter equipped with a DC link capacitor, due to the absence of one
of the legs. A novel switching method is introduced based on minimizing the effects
of the capacitor voltage on the system. The switching method in the four-switch
inverter is similar to space vector modulation, with the difference that the selection
of active vectors and the adjustment of switching times are performed in such a
way that, in addition to tracking the reference voltage, the impact of capacitor
voltage fluctuations on the system is reduced. This enhances the capability of the
motor and inverter under atypical operating conditions. The result of refining the
switching methods is a reduction in flux and torque ripples and improved inverter

Inverters performance. To evaluate and validate the proposed method, simulation results in

the MATLAB environment are presented.

1. INTRODUCTION

In recent years, fault-tolerant systems with structural variability have garnered significant attention. In essence, a
fault-tolerant control system consists of two subsystems: a fault detection and isolation subsystem, and a subsystem
capable of structural changes in response to faults [1-5]. The primary goal of designing a fault-tolerant control system
is to maintain process continuity with optimal efficiency and increased reliability in the event of faults or failures.
The reliability of industrial electronics systems has always been a topic of discussion in industry, commerce,
aerospace, and military applications [6].

The fault isolation unit forces the damaged switches to electrically disconnect from the system so that a new
structure or configuration can be activated [7-10]. For three-phase converters, three common fault-tolerant
topologies with switches for motor applications are shown in [11]. One of these topologies connects the faulty phase
to the midpoint of the DC link using triacs [12, 13]. The idea of four-switch inverters for fault-tolerant control in
critical and sensitive applications such as railways is highly efficient [14, 15].
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Today, among various modulation techniques and methods, space vector voltage modulation is very popular.
These techniques include four segments for w2 symmetry modulation. The harmonic effects analysis in four-switch
inverters is discussed in [16]. In [17], a modulation method based on space vector decomposition using /3 symmetry,
similar to six-switch inverters, is presented. References [18-21] propose simpler and more practical methods for
implementing space vector modulation for four-switch inverters. Four-switch inverters have the following
disadvantages compared to six-switch inverters:

- The voltage utilization factor of four-switch inverters is half that of six-switch inverters.
- The neutral point voltage of the two capacitors fluctuates.
- Unbalanced motor currents cause inverter failure and torque ripples.
Various methods have been proposed to eliminate the effects of neutral point fluctuations of the two capacitors:

1. An adaptive space vector modulation method to compensate for DC link voltage ripples in four-switch inverters
is presented in [22].

2. Kim et al. investigated the motor current imbalance from the perspective of source impedance and voltage
variations, which depend on the current flowing into the capacitors, and proposed a method for compensating current
distortion [23].

3. Lee et al. proposed a compensation method by adjusting the switching times considering capacitor neutral point
fluctuations [24].

4. Wang et al. analyzed the cause and effect of neutral point voltage fluctuations of the two capacitors from an
analytical standpoint [25].

Research in this area has primarily focused on balancing the three-phase currents of four-switch inverters.
Methods have also been proposed for controlling the flux and electromagnetic torque of induction motors powered
by four-switch inverters. Kashif et al. [26] used a three-layer artificial neural network to control flux in induction
motors powered by four-switch inverters. In [27], classical direct flux and torque control is employed. These methods
assume constant capacitor voltage. In [28-30], predictive control is used to control flux and torque as well as
capacitor neutral point voltage fluctuations simultaneously [31].

Each of the mentioned methods has addressed the reduction of flux and torque ripples, current distortion, and the
impact of capacitor voltage fluctuations to varying degrees of success. The method presented in this paper focuses
on reducing capacitor voltage fluctuations on the system, which not only reduces flux and torque ripples and current
distortion but also enhances the robustness of the inverter in the new structure. The implementation of this method
is based on separating the capacitor voltage fluctuations and the capacitor voltage offset. Initially, capacitor voltage
fluctuations are calculated using motor current prediction, and the capacitor voltage offset is computed using an
observer. Subsequently, a control algorithm based on space vector modulation is proposed for the four-switch
inverter to improve inverter and motor performance.

2. REQUIREMENTS OF THE STUDY

2.1. Space Vector Modulation for Three-Phase Four-Switch Inverter

The figure below shows the structure of a four-switch inverter connected to an induction motor with an ideal DC
source. In this structure, only four switches are used for switching, resulting in the creation of only four active space
vectors for generating the inverter's output voltage. The switching states of these four space vectors are illustrated
in Figure 1.
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Fig. 1. Possible switching states in the secondary structure.

In Figure 1, V,y Vgy and V,y represent the phase voltages. The space voltage vectors of the inverter, VR to VR
are calculated using Equation (1). The results of these calculations are shown in Table 1.

2 i2T i2T
VF = g(VAN + eTVBN + e_TVCN) (1)

Table 1. Voltage vectors related to the secondary structure of the inverter.

Voltage Vectors
Vector Name Voltage Value in the Complex Plane a_f8
00)VR 2
( ) 1 § ch
aov; 1 3
§(Vc2 —Ve) +J 3 (Vez +Ver)
11)V% 2
( ) 3 — § Vcl
(U3

1 V3
§(Vc2 V) —j ? Ve + V1)

According to the space vector technique, the reference vector desired by the controller is obtained through the
four active vectors using Equation (2):

LT, = Ve, + VRt, + Vit; + VR, )

In the above equation, the time weights t; «t, <t and t, are constrained by Equation (3):

Ts=t1+t2+t3+t4 (3)

To calculate the time weights, one method is to use the zero-vector distribution factor k by two pairs of odd and
even vectors [19]. The time weights | t13] and | tz4| are the minimum time intervals for generating the reference
voltage. The remaining time interval should generate the zero vector. This amount of time is calculated using
Equation (4):

87 =Ts — | tus| — | taal “)
Thus, the time interval §;is divided between the two pairs of odd and even vectors according to the distribution
factor k. Using the zero-vector distribution factor, the calculation of time weightst, «t, «t; and t, in each of the four
regions is shown in Table 2.
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Table 2. Switching times for the four-switch inverter in all four regions [19].

Ist Region  t;3> 0,54 > 0 k 1-k
st Region 13 24 t1=t13+581;t2=tz4+781
ty= Kot =15
3—2 T » 4 — 2 T
2nd Region  t,3 < 0,t,, >0 k 1-k
IUEECI0N 13 = %524 t1 =507ty = tyu +——067
2 2
1-k
t3=_t13+ EST;tzl.: 2 8T

i < k 1-k
3rd Region  t13<0,t;, <0 t1=55Tit2= _ 5y

i _
ty = —tiz + 587 ts = —tza +——0r
4th Regi t1320,t54, <0 . 1k
egion 18 = 24 t1=t13+§5rit2=TéT

26T

t; = EST sty = —tyy +

Ifk is set to zero, only the three vectors V¥ « Vf and Vf or V¥ are used to generate the reference voltage. Ifk is

set to one, the three vectors VR <« VR and V.f or V} are used to generate the reference voltage. In this type of inverter,

both stated conditions can be used simultaneously to generate the reference voltage, and even for each switching
region, only one of the stated conditions can be used.

2.2. Investigation of the Impact of DC Link Capacitor Voltage Variations on the Performance of a Four-
Switch Inverter

In the newly proposed structure, instead of the missing leg, two DC link capacitors with equal capacitance are
added to the system. These additional capacitors first alter the system dynamics and, secondly, variations in the
voltages of these capacitors cause disturbances in the inverter's performance.

ol

ide2 Ve

Fig. 2. Structure of the Four-Switch Inverter Connected to an Induction Motor with an Ideal DC Source

The DC link current, denoted as i,.;, based on the switching states of the b and ¢ legs and the motor currents, is
expressed as follows:

lge1 = Splsp + Scise (5)

If the Fourier transform of the DC link current is considered, given that the switching states and motor currents
in Equation (5) are multiplied, it is defined in the frequency domain as the convolution between the switching states
and motor current:

+00
@ =Y [ s@li-0ds ©

B —00
i=b,c
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If the modulated voltage waveform through switching for the two healthy phases is represented as in Equation
(7), and the power factor @ is defined, the voltages of the two phases and the three-phase currents, without
considering the DC link capacitors, are defined as follows:

Vo = Mcos(w,t) , Veo = Mcos(wot —™/3) @
isq = Icos(wot + @ + 57T/6)
isp = Icos(wot + B+ /) ®

isc = Icos(wot + @ —T/5)
Then, by transforming the DC link current from the frequency domain to the time domain, we have:

3 1
g1 (t) = gMIcos(Q)) + 51 cos(wot + @ + 7T/6) + harmonic@fyy,, 2fy, - ©)

From Equation (9), it can be concluded that the DC link current includes a DC component, a fundamental
frequency component, and harmonic sidebands and switching frequency components. By neglecting the first and
second parts of i;.,in Equation (9), the voltage of the DC link capacitor can be calculated using the second part of
the iy, current [25].

1 t
Ve () =V (0) + —= | isqdt
20 =Va© + 557 [ o

= Va@+ 2wlc1 x [sin(wot +8 +/g) = sin(8 + 57/ ]

where V., (0) is the initial voltage of capacitor C1. The second part of Equation (10) includes a sinusoidal term

with an amplitude of I /2w, C1 and a DC offset. The DC offset is determined by the initial phase angle of i,. With
the variation of the capacitor voltages, the maximum voltage that the inverter can produce is reduced.

1
Vs max = %-mln(VcDVCZ) (11)

3. PROPOSED METHODS TO MITIGATE THE IMPACT OF CAPACITOR VOLTAGE VARIATIONS
ON THE INVERTER OUTPUT VOLTAGE

Analytical relations of capacitor currents show the presence of a sinusoidal term that undoubtedly causes
oscillations in the voltages of the two DC link capacitors. These oscillations cause deviations in the active voltages
produced in the inverter. Figure 3 illustrates the voltage deviation in the four-switch inverter due to the voltage
difference between the two capacitors.

v, (L.0) /

Vs (L1) Vi (0.0) Vs (L1) Vi (0.0)

vy (0.1) ¥ Vi (0.1
o) @
Fig. 3. Active Voltage Vectors (a) Ideal Condition V,; = V,, (b) Condition V,; <V,

If the inverter operates in the condition Vq < V,, then V4 will be larger than V3. Now, if the switching is done
using the previous method, due to the change in the magnitude and amplitude of the active voltages, the inverter will
not be able to produce the desired voltage. Figure 4 shows that with the variation of the capacitor voltages, the output
voltage of the inverter changes undesirably.
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(a) (b)
Fig. 4. Reference Voltage Generation (a) in Ideal Condition (b) in Condition V., < V.,

Voltage imbalance or variations in the DC link capacitor voltage are represented by AV ccordingly, the capacitor
voltages are expressed as follows:

v, v
V61=%+AV , chz%—m/
_ (12)
Vor Voo = Vo
AV = AV + AV

In the above equation, AV represents the oscillations of the capacitor voltage, and AV is the DC offset of the
capacitors' voltage. The phase voltages relative to the neutral point of the motor, based on the switching states and
capacitor voltages, are given by:

Ver
Van = ?(_Sb S ) + (2 Sp—S¢)

%
Von =5 (25, = 50 v (28, =S~ 1) (13)

Vo V
Ven = T(ZSC - 5p) + ?(256 -S5,—1)

Applying the Park transformation to the three-phase motor voltages results in:

VbN (14)

-05 —05
il=3o

\/3/2 —\/3/

The voltages applied to the motor in the aB coordinate system, based on the switching states, are expressed as:

Ver
Vas = _(_Sb Se) + (2 Sp—S¢)
\/3 (15)

VBS 7 e (Sb Sc) + ? (Sb - Sc)

Substituting Equation (12) into the above relation, the inverter output voltages based on the switching states and
capacitor voltage variations are obtained as:

Vs
Vas =—C(1 —Sp—S)—=
¢3 Ve (16)
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Considering the above relation in producing the output voltage, if the controller selects each of the active voltages,
the impact of capacitor voltage is observed only on the real axis. It is noteworthy that the imaginary axis includes
vectors V, variations and V,, while the real axis includes vectors V; ¢« V5 and AV.

3.1. Adjusting Switching Times Based on DC Link Capacitor Oscillations

The switching time is calculated based on Ts. Therefore, the vector AV is placed on the real axis for the duration
of Ts. Figure 5 shows the impact of AV on the active vectors. If this impact is separated from the active vectors, the
magnitude and direction of the active vectors will be obtained similar to the ideal state.

Vo 4 Vo 4
V3 ‘%“”' Vi Vi %.u' Vi
-~ - >
Vi Vi
(a) (b)

Fig. 5. Space Vectors in the Four-Switch Inverter with Vector AV (a) Condition V,; < V,,(b) Condition V,; >V,

To eliminate AV, it is sufficient to calculate the impact of capacitor voltage variations over the duration Ts and

mitigate it by adjusting the switching times of the two odd vectors that are assumed ideal. Consequently, the
compensation method is formulated as follows:

Yoo [ Lavar (7)
3 . 3
In the above equation, t* is the required time for correcting vectors V/; and V5:
ti =t v
o 2, (18)

To obtain t*, considering that T, is very small compared to the motor operating frequency, the integral is
calculated using the trapezoidal method:

AV(t) + AV (t + T,
() : E+1), 19)
dc

For calculating the voltage variations at t + T,using Equation (10), AV (t + T)is estimated as follows:

1
AV(t) = E (Vcl (t) Ve (t))
1
AV(t + Ts) = E (Vcl (t + Ts) - VCZ (t + Ts)): (20)
Tsisa
A Pt
V(t) + el
The final relation for t* will be:

20V (t T.i
= — ( ) + stsa 2
Vie | 2c1Vy,

e2))

As observed in the final equation, the stator current, DC link voltage, sampling time of the capacitor voltage, and
the capacitor values impact the adjustment of the switching times. Therefore, it can be concluded that by changing
any of the stated parameters, the proposed method can compensate for the applied changes to the circuit by
controlling the switching times. The practical limitation for implementing the proposed method is that the calculated
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t* should not exceed a certain threshold; in other words, the corrective time should not be greater than t;,,,.tmax 1S
calculated based on the values of t; and t;, and with motor operation, this threshold changes as follows:
. _(ts, t*<0
e = {30 22)
3.2. Control of the DC Link Capacitor Voltage Offset

Switching states for even space vectors V, and V4 do not affect the capacitor voltages, whereas only the switching
states of the odd vectors V| and V3 are influential. Figure 6 shows these two conditions:

P P
+ 71(00)
Cl'i_l Ve +
; cl= Vg
—
0 1sa A
c"\= +
T Ve 7(11)
M

(b) (@)
Fig. 6. Equivalent Inverter Load Structure in Switching States (a) V3 (b) Vi

The causes of the capacitor voltage offset include: 1) the initial phase angle of iy, 2) the flow of unbalanced
current to the two capacitors, 3) a significant difference between the duration of the switching states of vectors V
and V3 constantly, 4) the capacitors' capacitance being smaller than a reasonable value. Given these points,
calculating the offset is not straightforward. Therefore, an observer was used to extract the DC component of the
capacitor voltage. The capacitor voltage observer can calculate the DC component of a signal without compromising
the control dynamics, while using a low-pass filter to eliminate low-frequency oscillations imposes a significant
delay on the control system. Utilizing the observer to extract the DC component of the capacitor voltage allows the
voltage control to eliminate the offset more quickly. Moreover, because low-frequency oscillations are completely
separated from the capacitor voltage offset control loop, the control loop's bandwidth is significantly increased. To
design the DC link voltage observer for capacitor C1, we have:

€ = ws(ez + VDC) —Yié1
€y = —Wwse; — V26 (23)

Vpe = —pwseq

Offset control in capacitor voltage is managed using the zero-vector distribution factor and the sign of the current
entering the capacitors. The switching method remains stable at k = 1 due to the lower distortion in motor currents
under steady-state conditions. To generate a zero vector, two collinear vectors are used. The zero-vector distribution
factor (k) is employed to determine which two collinear vectors to use. Since the switching times influence the
charging and discharging of capacitors within a cycle, this vector is utilized to eliminate the offset voltage in the
capacitors. Depending on the polarity of the current passing through the capacitors, k is adjusted to either increase
or decrease the charging and discharging. As illustrated in Figure 6, if AV is positive, iy, current passing through
two capacitors is used to reduce or eliminate it. If iy, is positive, to reduce AV the time using vectors V; and Vs is
decreased (k=0), and if iy, is negative, the time using vectors V; and Vsis increased (k=1). Conversely, if AV is
negative, to increase or eliminate it, if i, is positive, the time using vectors V; and V; is increased (k=1), and if iy,
is negative, the time using vectors V; and V5 is decreased (k=0).

4. SIMULATION RESULTS

To simulate and verify the stated relationships, a three-phase squirrel cage induction motor with nominal
specifications of 3 kW, 380 volts, and 1415 rpm was used.
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4.1. Simulation of Reducing the Effect of Capacitor Voltage Fluctuations on the System

Capacitor voltage fluctuations encompass the AC component of the capacitor voltage variations, with the
amplitude of these fluctuations related to motor operation. Due to the inverter structure, these fluctuations cannot be
eliminated, but their effect on the inverter output can be reduced by controlling switching times. Current waveforms,
electric torque, stator flux, and capacitor voltages are shown in Figures 7, 8, 9, and 10, respectively. The method to
reduce capacitor voltage fluctuations by adjusting switching times is applied at t = 1s. In Figure 7, it is observed that
after correcting the switching times, current imbalance is eliminated, but total harmonic distortion in the stator
current remains. Balancing the currents through switching time correction alone improves the electric torque and
flux of the induction motor. The reduction in torque ripple and stator flux ripple is shown in Figures 8 and 9,
respectively.

Current (A)

Current (A)

Time(s)
(®)

Fig.7. Stator current waveform a) before and after switching time correction b) after switching time correction.

3

e =44 as ng

Tirr;e{ 5)

Fig. 8. Electric torque waveform, before and after switching time correction.
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Fig. 9. Stator flux amplitude waveform, before and after switching time correction.
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Fig. 10. Capacitor voltage waveform, before and after switching time correction.

In Figure 10, it is observed that since the switching time correction, DC link capacitor voltage fluctuations have
increased. The additional fluctuations consist only of the DC offset, which is due to switching time adjustments.
Fortunately, the offset on the inverter output voltage can be controlled by selecting appropriate voltage vectors.

4.2. Simulation of Capacitor Voltage Offset Control Using an Observer

The waveforms of capacitor voltage, estimated DC voltage, and stator current are shown in Figures 11, 12, and
13, respectively. Offset control of capacitor voltage through switching time correction is applied at t = 1s. This
section also uses the proposed method to reduce the effect of capacitor fluctuations on the output voltage. By
applying the proposed offset control method at t = 1s, as seen in the capacitor voltage waveform in Figure 11, the
created offset in the capacitor voltage is effectively eliminated. Moreover, in Figure 12, it is observed that the DC
voltage of the capacitor is estimated very quickly.
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Fig. 11. Capacitor voltage waveform, before and after capacitor voltage offset control.
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Fig. 12. Estimated DC voltage waveform using an observer.

As shown in Figure 13, current imbalance is absent before offset control due to the offset in capacitor voltage.
The primary reason for the absence of current imbalance is that switching time corrections are used to reduce the
effect of voltage fluctuations. Thus, switching time corrections can eliminate current imbalance despite the capacitor
voltage offset. This result is maintained after offset control as well. Balancing currents through switching time
correction with the presence of capacitor voltage offset control improves the electric torque and flux of the induction
motor.
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Current (A)

Time(s)
(a)

Current (A)

188 19 152 194 196 198 2

Time(s)
(b)
Fig. 13. Stator current waveform a) before and after capacitor voltage offset control b) after capacitor voltage offset control.

5. CONCLUSION

The added DC link capacitors in the inverter and motor structure alter the system dynamics, and the created
voltage changes in the capacitors degrade the performance of the inverter and motor. The derived relationship for
capacitor voltage shows that the changes consist of a sinusoidal term with amplitude [/2w,C1 and a DC offset term.
Initially, the amplitude of capacitor voltage fluctuations and a method to reduce their effect on the inverter output
voltage were calculated. Then, the switching times were computed based on capacitor fluctuations. The changes in
capacitor voltage over the period Ts (cycle period) were calculated by predicting the capacitor voltage at t + Ts, and
the necessary time for correcting odd vectors was obtained. In the second part of the paper, DC link capacitor voltage
offset control was addressed. Given that analytically calculating the offset value is not feasible, an observer was used
to extract the capacitor voltage offset. The observer can calculate the DC component of a signal without
compromising control dynamics. With the offset voltage in hand, an algorithm was proposed for controlling the
capacitor voltage offset based on the zero-vector distribution factor and the polarity of the current entering the
capacitors.
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