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ABSTRACT The open-switch fault of three-phase voltage source rectifiers (VSR) may lead to ac current
distortion. In the past decade, some current-based fault diagnosis methods have been proposed, which
directly used the phenomenon of current distortion but lacked a detailed analysis of the cause of it. In
this paper, the current distortion of VSR with unity power factor operation is analyzed from two aspects:
the effect of the three-phase switching state on the ac current and the response of the VSR control system
after the fault. Besides, the impact of the VSR system and control parameters on the current distortion is
also discussed. The analysis verifies the feasibility of the distortion current for fault diagnosis, providing
a theoretical basis for current-based fault diagnosis methods of VSRs. To substantiate the analysis of the
distorted current, we designed a simplified fault diagnosis method, which determined the faulty phase by the
difference of the normalized three-phase distorted current, and located the faulty switch by the grid voltage
angle. The experiments are conducted to verify the analysis of current distortion and the reliability of the

proposed fault diagnosis method.

INDEX TERMS Voltage source rectifier, open-switch fault, current distortion, fault diagnosis, SVPWM.

I. INTRODUCTION

Three-phase voltage source rectifiers (VSRs) are widely used
in industrial applications because they can provide sinusoidal
input current with unity power factor and constant dc bus
voltage [1], [2]. Nevertheless, the capacitors, sensors, semi-
conductor devices (and their solder), control circuit and other
components are prone to suffer electrical faults because of the
complex operating environment of the rectifiers. According
to the report, 34% of converter system failures are caused
by power device faults, including semiconductor failures and
soldering failures [3], [4].

Power device faults can be broadly categorized
into short-circuit faults and open-switch faults [5]. The effect
of short-circuit faults on the VSR is destructive. Nowadays,
short-circuit fault detection has become a standard feature
of the drive system, the over-current caused by short-circuit
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fault will trigger the protection devices and the drive system
will shut down immediately. However, the open-circuit faults
are often ignored by the protection devices since they are
usually manifested as distorted ac current and do not show
significant overcurrent. Compared with short-circuit faults,
open-switch faults have a less significant influence on the
system and can remain undetected for an extended period
of time. But the switches that are still working will bear
more voltage stress, which may lead to the secondary failure
with more serious consequences and the system needs higher
maintenance costs. In order to meet the requirements of
the reliability in industrial applications, it is necessary to
diagnose open-switch faults of the VSRs [6].

The conventional diagnosis methods applied in voltage
source converter (including inverter and rectifier) and a brief
comparison of different methods are shown in Table. 1.

The knowledge-based method proposed in [9] used a
neural network to find the faulty switch. Knowledge-based
diagnosis is also called data-driven fault diagnosis because
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TABLE 1. A comparison of different fault diagnosis methods.

Method [7], [8] Advantages

Disadvantages

Knowledge-based [9], [10] Reliable
Model-based [11]-[13] Fast

Voltage-based [14]-[18] Fast; Simple
Current-based [19]-[29] Simple; Economical

Complicated during the process; Require large amounts of historical data
Sensitive to noises and system parameters; Require accurate mathematical model
Costly: require additional hardware to get the voltage signal

Sensitive to the current change

the intelligent techniques usually need a large volume of
historical data [10]. This also means that Knowledge-based
diagnosis methods are often complicated and require better
controllers.

The model-based diagnosis method proposed in [11] used
the current residual vector, which is the difference between
the measured current and the estimated current and should be
zero under normal condition, to achieve the fault diagnosis.
Model-based diagnosis methods can complete the fault diag-
nosis quickly, but require an accurate mathematical model to
get the estimated current [12], [13]. In addition, it is sensitive
to noises and system parameters.

The voltage-based methods are usually simple but need
additional sensors or hardware to obtain the voltage signals
that are sensitive to the switching state [14], [15]. The method
proposed in [16] used three extra voltage sensors to measure
the “pole voltages™’, which are the voltages of each phase in
respect to the dc middle point. By comparing the measured
pole voltages and the estimated pole voltages obtained by the
switching state, the faulty switch can be detected within 10 us.
In order to avoid the high cost and complexity of voltage
sensors, a simple hardware circuit was used to obtain the
voltage signal indirectly [17], [18].

Compared with the aforementioned methods, the current-
based methods are relatively simple and directly use the exist-
ing ac current signals without the need for additional sensors
(or hardware). Therefore, current-based methods have been
widely studied [19]-[22].

The current Park’s vector approach was employed for diag-
nosing voltage source inverter faults in [23], which is the basis
of many diagnosis methods [24]. The major drawback of the
methods in [23], [24] is the load dependence. The setting
of parameters (such as some thresholds) in the diagnosis
algorithm is related to the load current. In order to make the
fault detection independent of the load, [25] suggested using
the normalized current instead. To achieve this, the first order
harmonic coefficients of ac current are used as the reference
values, which are computed by means of a DFT. Another way
to get rid of the drawback of load dependence is to use load-
independent parameters for fault diagnosis, such as the angle
of the current Park’s vector. The method proposed in [26]
combined a detection method based on the derivative of the
current Park’s vector angle with a localization method based
on the current polarity, which could be used both in voltage
source inverters and VSRs.

In recent years, more and more attention has been paid to
the fault diagnosis of VSRs. Based on symmetry analysis in
healthy and faulty conditions, a fault detection and location
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method was proposed in [27]. This method could detect mul-
tiple open-switch faults. But it required more calculation. The
proposed method in [28], [29] employed current distortion to
diagnose open-switch faults. By detecting the zero-crossing
characteristics to identify the faulty phase, and detecting the
current of the non-faulty phase to locate the faulty switch, this
method could reduce the required diagnostic calculations.

The current-based fault diagnosis methods of VSRs are
mostly based on the analysis of the distorted current after
the fault. But most of the methods directly used this dis-
torted phenomenon and neglected a detailed analysis of the
causes of the current distortion. When the open-switch fault
occurs, both positive and negative current can flow since the
VSRs mainly complete the energy transformation through
the diodes. But there will be two serious distorted sections,
in which the current of the faulty phase remains nearly zero.
This phenomenon is the focus of this study, which occurs as
well when using three-phase diode rectifiers. In this paper,
the two sections with the most serious current distortion are
called zero sections, which are divided into the first zero
section (ZS1) and the second zero section (ZS2) according
to their relationship with the faulty switches.

The existence of zero sections is the indispensable basis of
all current-based diagnosis methods, but there is no article to
give a detailed analysis of that. To fill in the research gap, this
study is proposed. This paper, taking the VSR with the double
closed-loop control system and SVPWM modulation method
as an example, analyzes the current distortion after the open-
switch fault from two aspects: the effect of the three-phase
switching state on the three-phase current and the response of
the VSR control system after the fault [30]. Although these
two sections have been widely used in current-based fault
diagnosis for VSR. It is the first time to analyze the causes
of the zero sections and the duration of ZS1 and ZS2. In
addition, we designed a simplified fault diagnosis method and
verified by experiments to bolster the analysis of the current
distortion.

Il. ANALYSIS OF AC CURRENT IN NORMAL AND
ABNORMAL CONDITIONS

The structure and control strategy of the three-phase VSR
are shown in Fig. 1. Here, ¢4, ep, e, are the grid voltage,
Vas Vb, Ve are the ac side voltage of VSR, iy, ip, i are the
ac current, L is the ac filter inductance, C is the dc-link
capacitance, Ry, is the load and Uy, is the dc-link voltage.
There are 6 IGBTSs (S1-S6), including the anti-parallel diode
(D1-Dg) in corresponding.
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FIGURE 2. The transformation of reference frames. (a) The relationship of
abc and d-q reference frame. (b) The relationship of abc and o-8
reference frame.

The double closed-loop control system and the SVPWM
modulation strategy are mostly adopted in engineering. The
voltage regulator controls the dc voltage (Uy.) and stabilizes
it at the reference dc voltage (U7,.). In order to operate with
unity power factor, the reference of g-axis current (iy) is set
as 0, while the reference of d-axis current (i%}) is set as the
output of the voltage regulator. The voltage control signals
vy and vj; are obtained through the current regulator, and then
converted into v}, and v} for SVPWM generator.

There are three reference frames involved in this paper,
namely the three-phase abc reference frame, the syn-
chronously rotating d-q reference frame and the two-phase
stationary «- 8 reference frame. The relationships between the
three reference frames are shown in Fig. 2. Here, 6 is the grid
voltage angle (calculated by PLL) and X is the rotation vector,
specifically, grid voltage vector E, control vector V* and ac
current vector /. It is important to note that the d-axis is 90°
behind ag-axis at the initial time in this paper.

The working states of switches (including IGBTs and
diodes) are determined by the direction of ac current and
control signals. Consider the direction of i,, the working
states of the switches with V2(110) and V0(000) are shown
in Fig. 3. For phase a, the positive current flows through the S
and D1, and the negative current flows through the S and Dy4.
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FIGURE 3. The working states of the switches. (a) ig > 0, V5(110).
(b) ia > 0, V(000). () ig < 0, V5(110). (d) iqg < 0, V(000).

The VSRs can operate with sinusoidal ac current, but the
current will be distorted when an open-switch fault occurs.
When the VSR is operating with unity power factor, the
comparison of ac current before and after the 1 open-switch
fault is shown in Fig. 4(a). The positive half-cycle of i, is
not affected by the fault because the positive current flows
through S4 or Dj rather than S;. By contrast, the S; open-
switch fault causes current distortion in the negative half-
cycle, because the negative current cannot flow through the
upper arm. As a result, there are two sections in which the
current is nearly zero in the beginning and the end of the neg-
ative half-cycle. Contrasting to the S| open-switch fault, S4
open-switch fault does not affect the negative half-cycle of i,
but causes two distortion sections in the positive half-cycle.

In the distorted sections, i, is nearly zero, so they are called
zero sections in this paper. In order to distinguish the two dis-
torted sections, the section in the beginning of the half-cycle
where the faulty switch should work is called the first zero
section (ZS1), and the other is called the second zero section
(ZS2). To further explain, S; only works in the negative half-
cycle of i,, so the distorted section in the beginning of the
negative half-cycle of i, is ZS1.

Current-based fault diagnosis methods for VSR are mostly
based on the analysis of ac current in zero sections, which
are the sections of the most serious current distortion and
provide vital information of the fault. Some studies analyze
the behavior of the freewheeling diode in the faulty phase
from the perspective of the grid voltages. Take phase a as
an example, it is considered that only when e, is lower than
ep and e, can the negative half-cycle of i, flow through Dj.
Therefore, the two zero sections, both of which last 30°, have
the same duration (#z5; and #zs2) [20]. But in reality, 7z
and tzg, are different after the open-switch fault as shown
in Fig. 4, and tz5 is longer than 7zg;.

The time threshold Ty, plays a key role in current-based
fault diagnosis methods. When the duration of the abnormal
state exceeds the Ty, the fault is identified. Therefore the Ty,
needs to be set reasonably. On the one hand, if Ty, is too short,
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FIGURE 4. Current before and after an open-switch fault. (a) S;
open-switch fault. (b) S; open-switch fault.

it may cause misdiagnosis due to switching noise and sensing
error. On the other hand, if Ty, is too long, it may lead to the
failure of the diagnosis.

In current-based fault diagnosis methods, the design of Ty,
depends on the zero sections, the 7z and 7zso will affect the
efficiency and reliability of the fault diagnosis. Therefore, itis
necessary to analyze the two zero sections.

IIl. ANALYSIS OF ZERO SECTIONS

In order to analyze the reason of ac current distortion after
the open-switch fault, it is necessary to know how the current
changes under normal conditions. In this paper, the grid
frequency (fp) is 50 Hz, and the sampling/switching fre-
quency (fs) is 10 kHz.

Two switching periods (75 = 1/f; = 0.1 ms) are selected
for analysis: 1) when i, is max, 8 = 90°; 2) when i, enters
negative half-cycle, & = 180°. The change of i, the control
signals (sq, Sp, S¢), the basic space vectors (V,s) and the
relationship between E and V* are shown in Fig. 5.
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FIGURE 5. Current analysis under normal working conditions. (a) The
relationship of ig and V, when 6 = 90°. (b) E and V* when 6 = 90°.
(c) The relationship of iqg and V, when 6 = 180°. (d) E and V* when
6 = 180°.

In the 7-segment SVPWM strategy, as is indicated
in Fig. 5(a) and Fig. 5(c), the change of i, is determined not
only by s,, but also by s, and s.. Therefore, in a switching
period, i, can be regarded as a piecewise linear function con-
sisting of seven segments, the change of i, can be calculated
by the slope (k“}n(e)) and the time (ty, or ty,/2) of each
segment. In this paper, the k“}n (0) is defined as the effect of
V,, on the three-phase current, and the ty, is the action time
of V), in a switching period. Take Fig. 5(c) (6 = 180°) as an
example, since the switching state in the 7-segment SVPWM
strategy is symmetrical, the change of i, in a switching period
can be calculated by using (1):

Al = k‘%otvo + k‘%tvz + k‘%lV} + k$7tv7 €))

Therefore, the causes of zero sections should be analyzed
from two aspects: the effect of V,, on the three-phase current
(k“ﬁ") and the response of the control system after the fault,
which determines the ty,.

Fig. 5(b) and Fig. 5(d) show that V* always lags behind E
by an angle §. From the perspective of power transmission
(P = EVsin(8)/wl), § is inevitable, and its value is related
to the load power and L.

A. THE EFFECT OF BASIC SPACE VECTORS ON CURRENT
The voltage equation of VSR based on Kirchhoff’s voltage
law is described as (2):
di
L+ Rix = ex = Uaesx — Unn 2
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where, x (= a, b, c) is the index for three-phase; R is the cor-
responding resistance of L; N denotes the ground, M denotes
the negative pole of Uy, according to the symmetry of VSR,
the voltage Uyn can be obtained by (3):

Sq + Sp + S¢
mm=—i—?—iwc 3)

To simplify the analysis, in a switching period, the Uy,
is considered to be stable and the effect of R is neglected.

Therefore, the effect of V,, on ac current can be expressed
as (4):

di
ky, (0) = d—;‘ = Asin(0 + ¢x) + by, )

where,n (=0, 1, 2, 3,4, 5, 6, 7) is the index of the eight basic
space vectors; A is the ratio of grid voltage amplitude to L;
¢x 1s the initial phase of three-phase voltage; by, is related to
Uge, L and V,,. Take V1(100) as an example, Uyy = - Uy / 3,
by, = —2Uqc / (3L).

The k“}n is shown in Fig. 6, when the grid voltage is 220 V,
U, 18 700 V, and L is 10 mH.

Combined with the analysis in Section II and Fig. 6,
it can be concluded that after S; open-switch fault, V1(100),
V2(110), Ve(101) and V7(111) cannot work in the negative
half-cycle of i,, which are thought to result in the decrease of
iz. Simultaneously, only V((000), V3(010) and V5(001) can
decrease iq. By comparing ky, , ky. and ky_, it can be found
that when i, is negative, the decrease of i, is mainly caused
by Vy after S7 open-switch fault.

It is worth noting that in the range of two aforementioned
zero sections, |k“jO (0)| is small, and the ability of Vj to
decrease i, is weak. While in the midpoint of the negative
half-cycle of i, (6 = 270°), |k“§0(9)| is large, and the ability
of Vj to decrease i, is strong.

The analysis of Vj also proves that when S; open-switch
fault occurs, even if the e, is not the lowest, the diode D4 can
still be switched on.

B. THE FORMATION OF ZERO SECTIONS

Take S7 as an instance, Fig. 4(a) shows that ZS1 begins at
0 = 180°, ZS2 ends at & = 360°. Choosing four switching
periods including a period before & = 180° and three periods
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after & = 180°, the comparisons between abnormal condition
and normal condition of i,, control signals (s, s, S¢), and V,;s
are shown in Fig. 7.

As shown in Fig. 5(d), the control vector V* is in Sec II,
so V3, Va, Vi and V7 will work. In the switching period just
before 6 = 180°, V and V7 make i, increase, but the ability
of that is relatively limited because |k\‘7}0| is small, which is
shown in Fig. 6. Correspondingly, in the several switching
periods after 6 = 180°, V will decrease i,, but this effect
is also limited. V3 and V, make i, increase and decrease,
respectively. As shown in Fig. 6, |k(§2 | and |k(§3 | are almost the
same when 6 = 180°. But with the increase of 6, the ability
of V3 to increase i, will be weakened, while the ability of V;
to decrease i, will be enhanced.

As shown in Fig. 7, in the 7-segment SVPWM strategy,
when S is under the normal condition, the change of i, in
a switching period is: almost stable (Vp) — increase (V3)
— decrease (V) — almost stable (V7) — decrease (V) —
increase (V3) — almost stable (V). The i, decreases in a
switching period because the operating time of V; (ty,) is
longer than the operating time of V3 (ty;).

When S open-switch fault occurs and i, is still positive,
the fault of S7 has no effect on i, because S; does not
work. However, as shown in Fig. 7, when i, decreases to
zero, it will remain at zero in the shaded bands instead of
further decreasing, which means that the phase a is under
open-circuit state. This is because after S| open-switch fault,
the negative current of phase a can only flow through Dy.
If D4 is turned on, the V»(110) will become V3(010), whose
effect is to increase i,. But if the i, increased from zero to
some positive value, the V, would work normally and let the
current decrease back to zero, therefore i, will remain at zero
anyway.

When the normal V3 works, the current will increase. In
a switching period, the i, decreases slower than the normal
condition because part of the V>, whose effect is to decrease
iz, cannot work normally. With the increase of the 6, as shown
in Fig. 7, the time for V; and V7 to operate under open-circuit
state increases, and the current is almost maintained at zero.
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From what has been discussed above, it can be concluded
that for Sy, the beginning of ZS1 is caused by the changes of
iz from positive to negative. The reason for the persistence
of ZS1 is that some basic space vectors, which decrease the
current, cannot work normally (such V, and V7), and at this
time only V( can make i, normally decrease, but the small
value of |k“§0| means that its ability to decrease i, is weak.

The reason for the end of ZS2 is contrary to that for the
beginning of ZS1, that is, the i, changes from negative to
positive. The analysis is similar to the above discussions.

In Fig. 7, it is worth noting that the s, in the abnormal
condition is slightly different from that in the normal con-
dition, namely after an open-switch fault occurs, the VSR
control system will respond and change the control vector V*.
So it is necessary to analyze the performance of the control
system after the fault. When the S open-switch fault occurs
at 0.045s, the changes of the main parameters of the control
system (in addition to the dc voltage, other parameters are
per-unit values) are shown in Fig. 8.

After S; open-switch fault, and when 6 = 180° (at 0.05s
in Fig. 8), ig and i, will decrease because i, remains at zero.
Accordingly, the current regulator will respond, so v}, and vZ
will decrease. For V*, the v} will gradually increase, as shown
in Fig. 8. If S is normal, this regulation will be effective,
because the effect of V, is to decrease i, and the increase of
v means the increase of ry,. However, due to S open-switch
fault, V>(110) cannot work normally, so the regulation will
not work. The i, will continue to maintain near O, thus iy
and i, continue to decrease and v}, continues to increase. The
continuous decrease of iy and i; will lead to a decrease of
power supply from the grid to the load, leading to a decrease
of Ugc. The voltage regulator will respond to increase the ;.
Under the joint action of the current and voltage regulators,
the amplitude and angle of V* will change. The comparison
between normal and abnormal V*s is shown in Fig. 9.

As can be seen from Fig. 9, due to the accumulation of the
faults, V* will cross from Sec II to Sec I inversely, when V,
Va2, Vo and V7 play their roles.
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Since S; cannot work normally, V7(111), which nor-
mally decreases the current, will change into V4(011), which
increases i, rapidly. V,(110) will change into V3(010), and in
ZS1, V3 usually increases i,.

But at this time, V1(100) will change into V(000), which
can decrease i,. The current and control signals when i,
leaves ZS1 are shown in Fig. 10.

As shown in Fig. 6, with the increase of 6, the ability of
Vo to decrease i, is gradually enhanced, while the ability of
V4(changed from V7) and V3(changed from V>) to increase
the current is correspondingly weakened, so the time of V7
and V; under the open-circuit state (the grey shaded bands
in Fig. 10) will decrease.

When the V* is in Sec I, considering the open-circuit state,
the change of i, in a switching period can be approximately
expressed by (5):

Al = min(k‘a/o(tvo +ty,) + k‘%l‘vz + k‘a/4tv7, 0) @)

When Al < 0, i, leaves ZS1.

According to the above analysis, the end of ZS1 is jointly
determined by the circuit state (determine k“}n) and the control
system (determine ty, ), and |k‘“,0 [(tv, +1tv,) plays a key role in
the decrease of i,,. Furthermore, |k“§0| is related to 6, and the
response of the control system is not instant, so |k{jo [(tvy+1v;)
cannot rapidly increase after ZS1 begins.

Increasing the gain of the current regulator can speed up the
response of the control system and shorten the ZS 1. However,
the excessive gain will lead to the instability of the system,
and it is not recommended to increase the gain too much.
In conclusion, for a reasonably designed VSR that runs with
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unity power factor, ZS1 is inevitable after the open-switch
fault, and it is feasible to use ZS1 for fault diagnosis.

At the end of this section, the reason why ZS?2 begins will
be discussed. In Sec IV, S open-switch fault only affects
V7(111), but in Sec V, Vg(101) will also be affected. There-
fore, the influences of S| open-switch fault on the V* in
Sec IV and Sec V need to be analyzed respectively, as shown
in Fig. 11.

In Sec 1V, it can be seen from Fig. 6 that the effect of V4
is to increase i,; the effect of V (and V7) is to decrease it.
Whereas the effect of Vs is relatively complex, it can make
i, increase or decrease. But |k“§5| is small, so V5 has a less
significant effect on the current.

When S| open-switch fault occurs, V7(111) fails to work
properly and changes into V4(011). The amplitude of the
V* increases and the angle decreases, as shown in Fig. 11,
v+ will work as Vﬁin As V7 changes into V4(011), i, will
increase, so the control system will respond to decrease the
current. Specifically, it will decrease the amplitude of V* (by
increasing ty, and ty, to decrease the current) and accelerate
the increase of the angle (increases ty; and decreases tv,).

At this time, |k“§0| is large, that is, the ability of Vj to
decrease the current is strong. Therefore, even if V7 cannot
work normally, V{ can inhibit the rapid increase of i, and the
adjustment of the control system can still play a role.

But in Sec V, V7 will change into V4, and V(101) will fail
to work and change into V5(001), which has a huge impact
on V*. As shown in Fig. 11, V55 will work as V]f;lsuh, due to
S1 open-switch fault. At this point, i, will increase rapidly,
and the regulation of the control system will decrease the
amplitude of V* and accelerate the increase of the angle. But
|k‘a,o| is small, and |k‘“,5 R |k“}4| are relatively large, that is, Vj
will not be able to inhibit the increase of the current caused by
Vs and V4 (changed from V7), so the regulation of the control
system will not work. The i, continues to increase rapidly
until it reaches 0, then enters ZS2.

The analysis shows that the beginning of ZS2 is still jointly
determined by the circuit state (determine k“}n) and control
system (determine ty,). Since the regulation of the control
system in Sec V is completely invalid, which will lead to i,
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FIGURE 12. The current distortion with a large load.

rapidly increase, the entering of the V* into Sec V can be seen
as the reason for the beginning of ZS2.

7ZS2 begins when the V* enters into Sec V, and ends
when 6 = 360°. Therefore, when the lag angle § increases,
the duration of ZS2 will decrease. Fig. 12 shows the current
after the dc load is increased while other parameters remain
unchanged. Compared with Fig. 4(a), it is obvious that the
7ZS2 is shorter when the ac current is larger.

Finally, for VSR with unity power factor operation, the two
zero sections of §1 open-switch fault are summarized and
compared as shown in Table. 2.

The two zero sections are distributed at both ends of the
negative half-cycle of i,. According to the analysis in this
section, the main reason why i, cannot decrease normally in
the zero sections after S open-switch fault is that the effect
of Vj, which is the only reason why i, decreases, is offset by
the effect of other fault space vectors which make i, increase
since |k€}0| is small.

By comparing the duration of the two zero sections, it can
be found that ZS1 is generally longer, while ZS2 is shorter.
Through the analysis of time threshold T3, it can be con-
cluded that the design of the Ty, in the current-based diagnosis
method for VSR with unity power factor operation should aim
to realize the diagnosis of ZS1. Since, in the operating state,
the change range of ZS1 is limited, while the change range
of ZS2 is flexible. Additionally, for operating equipment,
the parameters of the equipment and the control system are
generally fixed, but the current is changeable.

In sum, the analysis in this section focuses on the S; open-
switch fault. For other switch faults, they are similar to that
of §1 and therefore do not need to be elaborated.

IV. A SIMPLIFIED FAULT DIAGNOSIS METHOD BASED
ON ZERO SECTIONS

In this section, a simplified fault diagnosis method for VSR
with unity power factor operation is proposed to verify the
above analysis of zero sections, and the effectiveness of the
proposed method is verified through experiments.
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TABLE 2. The comparison between ZS1 and ZS2 of S; open-switch fault.

Zero section Beginning reason End reason Duration Main relevant factors
ZS1 iq: positive—negative |k“1,0 [(tvy +tvy )>k{‘/3 tv, +k$4 ty, Long Response speed of control system
YAY) V* enters Sec V 14 negative—positive Short Lag angle § of V*

TABLE 3. Location of the faulty switch.

Faulty switch Phase Half cycle Angle
S1 A Negative 180°-360°
Sa A Positive 0°-180°
Ss3 B Negative 300°-360°,0°-120°
Se B Positive 120°-300°
Sk C Negative 60°-240°
Sa C Positive 240°-360°,0°-60°

‘ Current normalization: (6)

—
=

.

[kl <0.1

&
ligy -y (k- <0.2007

‘ Half-cycle calculation: TABLE 3 ‘
)
‘ Faulty switch detection: TABLE 4 ‘
v
End

FIGURE 13. Flowchart of the proposed diagnosis method.

A. FAULT DIAGNOSIS METHOD

The location of zero sections could be used to locate the faulty
switch, as shown in Table. 3, S| open-switch fault causes
zero sections in the negative half-cycle of i,, while S4 causes
zero sections in the positive half-cycle of i,. Accordingly, S3
and Sg cause zero sections in i, while S5 and S» cause zero
sections in i..

Based on the position of zero sections, a simplified fault
diagnosis method is proposed in this paper. The advantages of
the proposed method are that it is independent of the load, the
requirement for calculation is not so demanding, the signals
used are all from the control system, which means that no
extra sensors are required. The flowchart of the proposed fault
diagnosis method is shown in Fig. 13, which mainly includes
ac current normalization, zero-value detection, faulty phase
detection and half-cycle detection.

There are five steps for fault diagnosis.
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Step 1. Normalize three-phase current. When the load
changes, the load current will change accordingly. Normaliz-
ing the current can reduce the dependence of fault diagnosis
on the load. The iy and i, in the control system can be used
as the reference value, and the normalized current can be
calculated by (6):

x

N = e
" .2
‘/ld +lq

where x(= a, b, ¢) is the index for three-phase; i,ys are
the normalized current, which are sinusoidal waves with the
amplitude of 1.

Step 2. Detect whether i,y has a zero-value, and give the
signal z; when the zero-value is detected. To improve the
accuracy of detection, the zero-value is jointly determined by
the amplitude and derivative of i,y . In the normal condition,
when the current goes zero (the direction of current changes),
the absolute derivative of iy is w (when fy = 50 Hz, w =
1007). In the zero sections, the absolute derivative of i,y is
almost zero, so the threshold of the amplitude can be set as
0.1, and the threshold of the derivative can be set as 0.2w, that
is:

(6)

diy
<0.2
dt | @

lixn|<0.1 and |

(N

Ix =

0, else

Step 3. Give the fault phase signals F, after the duration
of z, exceeds the time threshold Ty,. From the analysis of
Section III, the design of the Ty, in diagnosis method of VSR
should aim to realize the diagnosis of ZS1. The simulation
results show that when the current frequency is 50 Hz, and
the sampling/switching frequency is 10 kHz, the duration of
ZS1 is generally longer than 1.5 ms, thus Ty, = 1 ms is chosen.
To achieve this step, three-phase counters are needed. When
zx = 1, the corresponding counter n, counts, whereas when
Zx = 0, the counter is cleared. Since the sampling frequency
is 10 kHz, the comparison number Ny, = 10 is chosen, when
T = 1 ms. The detection can be expressed as (8):

17
07

ny > Ny,

Fy = ®)

else

Step 4. Judge the positive or negative half-cycle &, by grid
voltage angle 6. The relationship between &, and 6 is shown
in Table. 3, which can be expressed by (9):

la
O’

ositive half cycle of phase x
he = p y p ©)

negative half cycle of phase x
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TABLE 4. Signals of the faulty switch.

Faulty switch F Fx ha
S1 1 Fy= ha=
Sa 4 Fo=1 hae=1
S3 3 Fb:1 hb:O
Se 6 Fyp=1 hp=1
S5 5 Fe= he=
Sa 2 Fe.=1 he=
PWM s-i:gnals &ﬁgESiGgﬁafs "
o R 4 DSP

OP5600
Real-Time Simulator

N
FIGURE 14. The experimental setup based on RT-LAB.
TABLE 5. Parameters of the VSR system.
Parameters Symbols Value
Grid voltage €q, €ps Ec 220V
Grid frequency fo 50 Hz
DC-kink voltage Uge 700 V
Sampling/Switching frequency fs 10 kHz
Filter inductance L 10 mH
DC-kink capacitance C 470 puF
Load power P 5 kW/20 kW

Step 5. Locate the fault switch and output the fault location
signal F by F, and h,. Take S4 open-switch fault as an
example, F,, = 1 means the switches of phase a may have a
fault. If i, = 1 is detected at this time, S4 open-stitch fault can
be determined. The rules of each switch are shown in Table. 4.

The fault diagnosis method proposed in this paper only
requires three-phase current signals i, the d-g axis current
signal iy, and the grid voltage angle 6, which are all from
the control system and do not need additional sensors. This
diagnosis method can basically complete the fault diagnosis
within half a cycle (10ms). But when ZS2 is relatively short,
it needs one cycle to complete the fault diagnosis.

B. EXPERIMENTAL RESULTS
In this section, the analysis of two zero sections in Section III
is verified by experiments. At the same time, the reliability of
the simplified fault diagnosis method proposed in this section
is verified.

The experimental setup is shown in Fig. 14, consisting
of a real-time laboratory (RT-LAB) test platform OP5600,
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FIGURE 15. Experimental results of fault diagnosis after S; open-switch
fault occurs when the grid voltage is 220V and the dc-link voltage is 700V.
(a) DC load of 5kw. (b) DC load of 20kWw.

a control board TMS320F28335, and a host computer. The
main circuit includes the grid voltage sources, the converter
and the load are realized by the RT-LAB simulator. The
control board receives voltage and current signals through
A/D conversion interface, outputs PWM control signals to
the RT-LAB simulator. The fault diagnosis method is realized
by the control board, the diagnosis signals are sent to the
RT-LAB simulator and showed by the host computer. Thanks
to the advantages of the RT-LAB platform, it is convenient
to change the values of the main circuit parameters, thus to
verify the difference between the two zero sections under dis-
parate operation conditions and the reliability of the proposed
method. Fig. 15 shows the current and diagnosis signals after
the fault. The difference between Fig. 15(a) and (b) is the load
power, which is SkW and 20kW, respectively. The details of
the experimental setting are shown in Table. 5.

Fig. 15 shows the normalized ac current iy, ipn, icN,
three-phase zero-value signals z4, 2p, ¢, three-phase fault sig-
nals F,, F}, F,, three-phase positive and negative half-cycle
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signals hg, hp, he, and faulty switch signal F. In the nor-
mal condition, the normalized three-phase current are almost
sinusoidal signals, the three-phase zero-value signal and the
three-phase fault signal are 0. When S; open-switch fault
occurs in the negative half-cycle of i,, at the end of this half-
cycle (ZS2), the current distortion is the most obvious. When
iz is maintained at O, the zero-value signal of phase a is 1
(zg = 1), while z; and z, are still maintained at zero. When
the duration of z, = 1 exceeds the T}, fault signal of phase
ais 1 (F, = 1) and that means an open-switch fault of phase
a occurs. At this time, the positive and negative half-cycle
signal is 0 (h, = 0), as can be seen from Table. 4, S| open-
switch fault occurs.

From the change of z, in Fig. 15, it can be seen that the
length of the two zero sections is different. When the load is
large, the length of ZS2 will be shortened, which is consistent
with the conclusion of Section III. It can be seen from Fig. 15
that when ZS2 lasts for a long time, the diagnosis can be
completed within half a cycle. However, when the duration of
752 is shorter than Ty, the diagnosis needs to be postponed
and will complete through the ZS1 of the next negative half-
cycle of i,. The diagnosis will take longer than half a cycle,
but can be completed within a cycle.

By contrast, the shorter ZS2 can be used for diagnosis by
reducing the Ty, but when Ty, is small, switch noise and
sensor error may lead to misdiagnosis, which is unacceptable.
However, fortunately, the shorter ZS2 also means that the cur-
rent distortion and voltage distortion in ZS2 are not serious,
so the increase of diagnostic time has a less impact on the
power grid and load. Therefore, it is acceptable for us not to
conduct diagnosis for this scenario.

V. CONCLUSION

This paper analyzes the open-switch fault of VSR with unity
power factor operation from the effect of the V,,s on the three-
phase current and the response of the control system after the
fault. Besides, the causes, duration and main relevant factors
of the two most serious current distortion sections, which are
called ZS1 and ZS2, respectively, are also discussed.

The feasibility of zero sections for fault diagnosis is ana-
lyzed, which provides a theoretical basis for the current-
based diagnosis method. In this work, it is concluded that
the design of the Ty, in diagnosis method for VSR with
unity power factor operation should aim to realize the diag-
nosis of ZS1. Thus, a simplified fault diagnosis method
is proposed. The advantages of this method are that it is
independent of the load current, the signals used are all
control signals, and the calculation requirement is not so
demanding.
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