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ABSTRACT: The open-circuit fault diagnosis of switches in quasi-Z-source inverters (qZSI) is challenging. Existing methods struggle
to simultaneously achieve high robustness and low computational complexity without additional sensors. In this study, an open-circuit
fault diagnosis method based on an improved super-twisting non-singular fast terminal sliding-mode observer (IST-NFTSMO) and hybrid
features is proposed. The stator currents were estimated in real time by the IST-NFTSMO, and residuals were generated accordingly.
By analyzing differences in the statistical distributions of residuals between healthy and faulty conditions, two features were extracted:
average log-likelihood ratio (ALLR) and signed cumulative ratio (SCR). The ALLR is used for rapid fault detection, whereas the SCR is
used for accurate localization of faulty switches. The proposed method was implemented entirely based on existing current sensors. No
additional voltage sensors were required. Moreover, the diagnostic thresholds are adaptively adjusted according to variations in speed
and load. The experimental results demonstrate that both single-switch and dual-switch open-circuit faults can be diagnosed rapidly and
accurately. Compared with conventional methods, higher robustness and lower computational complexity were achieved.

1. INTRODUCTION

ermanent magnet synchronous motors (PMSMs) have been

widely adopted in high-performance drive applications, in-
cluding industrial servo systems, rail transit, and electric ve-
hicles, owing to their high efficiency, torque density, and ex-
cellent dynamic performance [1-3]. With the rapid develop-
ment of power electronics technology, significant improve-
ments have been achieved in the control precision and effi-
ciency of PMSM drive systems. Among the various inverter
topologies, the quasi-Z-source inverter (qZSI) has attracted
considerable research interest in the fields of renewable energy
grid integration and motor drives [4-7]. This is attributed to
its unique impedance network structure, which enables buck-
boost conversion within a single-stage circuit and permits the
shoot-through state of the inverter bridge. Consequently, the
adaptability of the system to input voltage fluctuations was sub-
stantially enhanced. However, most existing open-circuit fault
diagnosis methods for qZSI systems rely on additional voltage
sensors or large volumes of training data [8]. Moreover, the
diagnostic thresholds are typically fixed, making it difficult to
accommodate wide variations in the speed and load. In addi-
tion, existing methods generally focus on fault features derived
from voltage residuals [9], specific topologies [10, 11], and cur-
rent errors [12]. The statistical distribution characteristics of the
observer residuals have not been sufficiently exploited. Con-
sequently, the diagnostic robustness is limited under noisy and
transient operating conditions. Therefore, the development of a
novel diagnostic method that eliminates the need for additional
sensors, fully exploits residual statistical features, and enables
adaptive threshold adjustment is urgently needed.
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Currently, research on open-circuit faults of switching de-
vices in QZ-source inverters remains limited. Existing diag-
nosis methods for inverter open-circuit faults can be mainly
categorized into three types: voltage-signal-based, current-
signal-based, and data-driven methods. Voltage-based meth-
ods achieve fault diagnosis using terminal voltages or voltage
residuals [13]. A faster response is offered. However, ad-
ditional voltage sensors and acquisition circuits are required,
which increases system cost and complexity. Current-based
methods utilize features such as current vector trajectories and
average current Park vectors [14,15]. No additional sensors
were required. Nevertheless, heavy computational burden and
insufficient robustness are exhibited under dynamic operating
conditions. Data-driven methods, such as deep neural net-
works (DNNs), can avoid physical modeling. However, their
diagnostic reliability is highly dependent on large volumes of
training data, and their generalization capability is difficult to
guarantee [16]. More importantly, none of the above meth-
ods fully exploit the dynamic response characteristics of the
qZS impedance network under fault conditions. The diagnos-
tic thresholds are typically fixed, making it difficult to maintain
satisfactory performance under wide variations in the speed and
load. Additional methods include the average current Park vec-
tor method [17], normalized DC method [18], improved nor-
malized DC method [19], load current analysis method [20],
and simple DC method [21]. In [22], a current vector trajec-
tory centroid method was proposed. The fault features were
compressed through the centroid, and the traditional trajectory-
shape-based analysis was simplified. However, system sym-
metry is required, and the dynamic robustness is insufficient.
For voltage-signal-based methods, the main approaches in-
clude the analytical model method, lower-arm voltage detec-
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tion method, voltage residual method, and switching function
model. In studies on different voltage residual methods, the
diagnostic features can be classified as follows: phase voltage
residuals [23], line voltage residuals [24], pole voltage resid-
uals [25], and neutral point voltage residuals [26]. In these
methods, voltage residuals are calculated by comparing the out-
put voltage with the reference voltage using various processing
techniques, and fault diagnosis is then performed. Although
the diagnostic time can be shortened by using voltage features,
additional measurement devices, such as voltage sensors and
voltage acquisition circuits, are required, which increases de-
tection cost.

To overcome the aforementioned limitations, an open-circuit
fault diagnosis method for qZSI-PMSM drives is proposed in
this study within the framework of modulated predictive power
control (MPPC). The main contributions of this study are sum-
marized as follows.

(1) A current residual generation method based on an im-
proved super-twisting non-singular fast terminal sliding
mode observer (IST-NFTSMO) is proposed. In the de-
signed observer, a closed-loop feedback term was intro-
duced to accelerate the convergence of the sliding surface.
The rapid tracking of system states under abrupt lumped
disturbances caused by open-circuit faults was achieved.
Consequently, the high sensitivity of the current residual
to faults is ensured.

(2) A hybrid fault feature extraction strategy based on the
average log-likelihood ratio (ALLR) and signed cumula-
tive ratio (SCR) is proposed. By exploiting the differences
in statistical distributions of current residuals before and
after faults, ALLR is employed for rapid fault detection,
whereas SCR is employed for precise fault localization.
The decoupling between detection and localization is re-
alized. The trade-off between the diagnostic speed and lo-
calization accuracy inherent in single-feature methods is
avoided.

(3) A delayed-switching adaptive threshold mechanism is
designed. Under normal operating conditions, the thresh-
old is determined based on the interquartile range (IQR)
of historical residual data. After a fault occurs, the faulty
phase is excluded from the threshold update queue using a
delayed signal. The threshold adjustment is driven solely
by healthy-phase data. The contamination of the thresh-
old by fault data was effectively prevented. Robustness of
the diagnosis under varying operating conditions is guar-
anteed.

(4) The proposed method relies entirely on the existing
current sensors in the system. No additional voltage
sensors or large-scale training data are required for this
method. The diagnosis of single-switch and various types
of double-switch open-circuit faults can be achieved
within a unified framework. The proposed method
demonstrates low computational complexity and good
engineering practicality.

The effectiveness and practicality of the proposed method
were fully validated through detailed RT-LAB hardware-in-the-
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loop experiments under single-switch and double-switch open-
circuit fault conditions. The remainder of this study is orga-
nized as follows. In Section 2, the mathematical model of the
qZSI-PMSM system is established, and current path variations
and fault characteristics under open-circuit faults are analyzed.
In Section 3, the IST-NFTSMO observer is designed, the gen-
eration method of the current residuals is derived, and the fault-
sensitive characteristics are analyzed. In Section 4, the fault de-
tection and localization strategy based on ALLR-SCR hybrid
features is elaborated in detail, and the design method of the
delayed-switching adaptive threshold is presented. In Section
5, the effectiveness of the proposed method is verified using
RT-LAB hardware-in-the-loop experiments. Section 6 provides
conclusions of the study.

2. MODELING OF THE QUASI-Z-SOURCE INVERTER-
PMSM SYSTEM

2.1. Topology and Operating Modes of the Quasi-Z-Source In-
verter

The qZS1 is a single-stage buck-boost inverter that offers a con-
tinuous input current, reduced capacitor voltage stress, and in-
herent tolerance of the shoot-through state. It operates in two
distinct modes:

In the non-shoot-through (NST) mode, the inverter bridge
switches in a normal manner to supply an AC voltage to the
load. Diode D conducts, and energy is delivered to the load via
the inverter bridge, while inductors L; and Lo release stored
energy and, together with the input source, charge capacitors
Cl and C2.

In the shoot-through (ST) mode, the upper and lower
switches of one inverter leg conduct simultaneously, thereby
creating a short circuit. During this interval, inductors L; and
Ly store energy, and capacitors C; and Cy discharge. The
output voltage is controlled by adjusting the ST duty ratio d
and NST duty ratio (1 — d).

Figure 3 shows the topology of the qZSI-PMSM system. The
QZ-source network comprises two identical inductors (L; =
L), two identical capacitors (Cy = C5), a single diode, and a
DC power supply. These components primarily perform energy
storage and boost the voltage.

Under open-circuit fault conditions, the normal current path
is disrupted. Fig. 1 illustrates the current path when a single-
switch open-circuit fault occurs. Various types of double-
switch faults, such as cross-side, same-side, and single-phase
open-circuit faults, are depicted in Fig. 2.

2.2. Mixed Logical Dynamic Model and State-Space Averaging

Because the qZSI contains power-switching devices, its math-
ematical model is inherently a hybrid system that couples con-
tinuous dynamic behavior with discrete switching events, thus
exhibiting nonlinear switching characteristics.

To construct the state-space representation, the circuit opera-
tion of the QZ-source network in both the NST and ST modes is
first analyzed using Kirchhoff’s voltage and current laws (KVL
and KCL). This analysis accounts for the dynamic behavior of
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inductors and capacitors, as well as the switching circuit modes.
The inductor currents and capacitor voltages are chosen as the
state variables, and the state equations for the NST mode are as
follows:

di
Ll% = Ujn uci
di
L2 — _ugy
c dvcr .
— =1 1
1 L2 — PN
dv .
Co d? =451 — PN
The state equations under the ST mode are expressed as:
di
Ll % Uin + UC2
di
L2£ = ucy
C dvc
= —1
L L2
dv )
Cs d(tm = —ir1

In (1) and (2), i11 and ¢2 denote the currents of inductors
Ly and Lo; uci and uco denote the voltages of capacitors C
and Cs; u;y, is the input voltage of the qZSI; and ipy is the
input current of the inverter.

The state-space averaging method is employed to capture
the dynamic behavior over an entire switching cycle. The
equations corresponding to both operating modes are combined
through weighted averaging, using the fixed ST duty ratio d and
NST duty ratio (1 —d). This yields the averaged state equation:

X = (1 —d)Xnst + dXst 3)

where Xnst and Xgr are the state vectors in the NST and ST
modes, respectively. The average state equation is derived as
follows:

L1% = Uin — (1 — d)ucy + ducs
di
Lg% = —(1 —d)ucs + duc
dvi;l (4)
C1 Tk —(1—=d)(ir2 +ipn)
dv . . .
CQ df2 :(1—d)(2L1—ZPN)—dZL2

This model is nonlinear because a product relationship ex-
ists between the state variables and the duty ratio d. There-
fore, a stable operating point (iy1, 452, uc1, uc2) is selected,
and small perturbations (Air1, Aigpg, Auct, Auge) are intro-
duced. Through Taylor expansion with higher-order terms ne-
glected, the linearized state-space model is obtained as:

r dAiLl 7]

L

dt ,

dAirs L1

L=, ir2 u;

=A +B|." )

o dAucy uct ipN

1
o c2
L2 g 4
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FIGURE 1. Current path under single-switch fault.

where:
0 0 —(1-4d)/L1 d/ L1
. 0 0 d/L2 —(1—d)/Ls
- 0 —(1—-4d)/C1 0 0
(1—-a)/C: —d/Cy 0 0
(6)
1/L, 0
B— 0 0 7

0 —(1-d)/C,
0 —(1—d)/Cs

A is the system matrix that represents the dynamic relationships
among the state variables. B is the input matrix, which repre-
sents the effects of the control input variables w;,, and ip on
the state variables.

2.3. Mathematical Model of PMSM

A surface-mounted permanent magnet synchronous motor
(SPMSM) was adopted in the drive system of this study. A
sinusoidal air-gap magnetic-field distribution was assumed.
The core saturation and eddy current losses were neglected.
In the rotor synchronous rotating reference frame, the stator
voltage equation is expressed as:

i
g = Ryiqg + L2 — w.Li,

i ®)
ug = Ryig + Ld—tq + we(Liq +1y)

where uq and u, are the d-axis and g-axis stator voltages, re-
spectively; iq and i, are the d-axis and g-axis stator currents, re-
spectively; R, and L, are the stator resistance and inductance,
respectively, with Ly = L, = L, in the SPMSM; w, is the
electrical angular speed; and vy is the permanent magnet flux
linkage.

By rearranging (8) into the form with currents as state vari-
ables, the following equation is obtained:

dig R, . . 1

g L T Wela 9
diq = ——Rsi — Welq — Weys + lu

dt 7 L
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FIGURE 2. Cross-side dual-switch open-circuit fault, same-side dual-switch open-circuit fault, and single-phase dual-switch open-circuit fault.
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FIGURE 3. Topology and control methods of qZSI.

By defining the state vector x = [ig, i,]” and the input vector
u = [ug,uy]T, (9) can be written in matrix form as:
di

— =Ai+Bu+d

7 (10)

In (10), d(¢) represents the lumped disturbance of the sys-
tem under nominal operating conditions. It explicitly originates
from the back-EMF dynamics produced by the coupling of the
permanent magnet flux linkage and rotational speed. When
the system operates under healthy conditions, this disturbance
vector is the only non-zero deterministic component. Once an
open-circuit fault occurs in the inverter, the actual terminal volt-
age fed to the motor deviates from the reference voltage speci-
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fied by the controller. This variation can be equivalently treated
as an unknown fault vector that is superimposed on the input
channel. Consequently, the lumped disturbance of the system is
expanded to d(¢) + Ad(t), where the additional term Ad ;(t)
contains all abnormal current dynamic information caused by
the fault.

3. CURRENT ESTIMATION AND RESIDUAL GENERA-
TION BASED ON IST-NFTSMO

The observer design is premised on a clear understanding of the
disturbance structure of the controlled plant. As can be seen
from the state-space averaging model in Section 2.2, the actual
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output voltage of the qZSI inverter bridge is jointly affected
by the switching transient of the shoot-through duty ratio, state
ripple of the impedance network, and dead-time effect of the
power devices during operation. A bounded deviation always
exists between the actual output voltage and the ideal reference
voltage provided by the controller, that is:

+ Aqu S

ref

Ugbec = Ugp,

(11)
where the upper bound is jointly determined by the qZS net-
work parameters and DC bus voltage. It can be estimated of-
fline based on the linearized model presented in Section 2.2. On
this basis, when the current observer is constructed in this study,
the voltage deviation and back-EMF dynamics of the PMSM

are unified and incorporated into the lumped disturbance vec-
tor d(t):

|Augzs|| < dqzs

d(t) = dg(t) + B~ Augzs(t) (12)
where de(t) is the back-EMF component produced by the cou-
pling of permanent magnet flux linkage and rotational speed,
and B is the input matrix. Under this lumped-disturbance
framework, explicit modeling and state reconstruction of the
gZSlI internal dynamics are not required by the observer. In-
stead, the robust compensation capability of the super-twisting
control law in the IST-NFTSMO against bounded matched dis-
turbances is utilized. The influence on the current estimation
accuracy is automatically suppressed during the sliding mode
reaching phase. Consequently, the current residual is main-
tained with approximately zero-mean narrow-band distribution
characteristics under normal operating conditions.

3.1. Stator Current State Equation and Observer Structure De-
sign
The PMSM state equation with stator currents as state variables
is expressed as:

X = Ax + Bu + Df (13)
where x = [i4,i4]7, Ao = A — BR;/Ls, d(t) is the lumped
disturbance vector, and A is the coefficient matrix, with:

,& w 1 0 0 l

a=| L | B=|L [|. p=| [

wwe T "1 z

Based on (13), the IST-NFTSMO is designed as follows:
X=AX+Bu+yv (14)

where X is the estimated value of x, and v is the sliding mode
control term.

It is worth noting that parameter uncertainties, such as vari-
ations in stator resistance R, and inductance L due to temper-
ature or saturation effects, can be treated as additional matched
disturbances. These uncertainties are bounded in practice and
can be incorporated into the lumped disturbance term d(t).
Consequently, the boundedness assumption ||d(¢)|| < D; and
|d(t)|| < Ds remains valid with slightly enlarged constants
Dy, D5 that cover the worst-case parameter drift.

By subtracting (14) from (13), the current error state equation
is obtained as:

é=Ae+Df—v (15)
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where ¢ = x — X is the current estimation error, and d(¢) =
d(t) —d(t).

To improve the convergence speed of the current error, a non-
singular fast terminal sliding surface is designed as:

Sp = o + Be™/T 4 \e + peP/ (16)

where o = diag(a, ), § = diag(B1, f2), v = diag(v1,72),
and A\ = diag(\1, A2) are positive parameter matrices to be
designed; m, r, p, and ¢ are odd constants to be designed, sat-
isfyingm > r,p > g,and r/m < p/q.

By taking the derivative of (17), the following is obtained:

6 = e+ Zgem/mle 4 xe+ Puer/a-e  (17)
r q

To increase the speed at which the system state variables
reach the sliding surface, an improved super-twisting control
law is introduced as follows:

aé+%ﬁem,/r—1'

t € k 0.5
P T S sgn( s
R
0 |+kos, — 0

6 =—kssgn(s,) — kso

(18)

where k1, ks, k3, and k4 are positive parameter matrices to be
designed, with kl = diag(kn, klg), kg = diag(kgl, kgg),
ks = diag(ks1, ks2), and ky = diag(ks1, ka2); sgn(-) is the
sign function; and z is an auxiliary variable.

An improved super-twisting control law is developed by in-
troducing a closed-loop feedback term into the conventional
super-twisting algorithm. The feedback of the auxiliary vari-
able is used to improve the dynamic response, and the sys-
tem state variables are driven to reach the sliding surface more
rapidly than the conventional method. Meanwhile, the dynamic
coupling relationship between s and s is not altered, so that the
fundamental regulation performance of the conventional super-
twisting algorithm is preserved.

Theorem 1: Consider the error dynamics (15) under the
bounded disturbance assumption ||d(t)|| < Dy, ||d(t)|| < Ds.
Select the non-singular fast terminal sliding surface as (16) and
the improved super-twisting control law as (18). If the observer
gains are chosen for each dimension i = d, q as ky; > 2v/ks;,
ks; > Do, ko, kg; > 0, then the sliding variable s converges
to zero in finite time, and the estimation error e converges to
zero in finite time.

V=Veq+Vp
Veq = Ae

aéJr%Bem/rq .

t é 0.5
v, = / %Hép/q—1+)\ + k1|8n‘ Sgn(sn) dT (19)
0 “rkgsn — 0
o = —kssgn(s,) — kyo
Proof: A Lyapunov function V; is selected as:
Vi=sls, (20)

By taking the derivative of (20), the following is obtained:
Vi =2sT5, (21)
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By taking the derivative of (15), the following is obtained:
é=Aée+Dd—V (22)
By substituting (22) into (21), the following is obtained:

(a+ ZBem/m=1) &+ A(Aé + Dd — V)

S .
Vi =25, +§uep/q*1 (AéJdef v)

] (23)

By taking the derivative of (19), the following is obtained:

+k1|sn|"%sgn(s,,) (24)
By substituting (24) into (23), the following is obtained:

Vi = 2st (/\—Fz;tép/ql)

{Df - k1|sn|0'ssgn(sn) — kos, + U} (25)

Equation (25) can also be expressed as:

2
Vi =2 sui </\ + ’q’u|e|p/q1>

i=1

(Difi — ki1|$0,i|"%sgn(sn,;) — kasn,i + Ui) (26)

3.2. Improved Super-Twisting Control Law and Stability Proof

An improved super-twisting control law was designed based
on the conventional super-twisting algorithm. A closed-loop
feedback term is introduced through auxiliary variable z to im-
prove the dynamic response. Thus, the system state variables
are driven to reach the sliding surface more rapidly. Mean-
while, the dynamic coupling relationship between s and s is not
altered, so that the fundamental regulation performance of the
conventional super-twisting algorithm is preserved.

Under open-circuit faults of the gqZSI-SPMSM system,
the lumped disturbance and its derivative are assumed to be
bgunded. That is, pgsitive constants D and D5 exist such that
[d(@)]| < Dy and [[d(?)[| < Da.

Furthermore, in (26), the terms ksysgn(s), kafBsgn(s), ki
and k5 act in directions opposite to s and s, thereby contributing
negative-definite components to Vi. Based on this property, the
following inequality is derived from (25):

Vi < —2min <>\ + zuép/ql) (E1llsnlly + Ezllsnll®)

+2[| DI F|[sn @7

By appropriately increasing the control gain parameters, the
condition V; < 0 can be guaranteed. Thus:
Vi < VW,

n>0 (28)
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Inequality (28) implies V; < —n+/V; for some 7 > 0 when
the gain conditions above are satisfied. Hence V;(t) reaches
zero within a finite time ¢ < 2/V;(0)/n9, guaranteeing that
s — 0 and s — 0 in finite time. Once s = 0, the structure of
the NFTSM surface (16) drives the estimation error e to zero
in finite time. Therefore, the overall observer convergence is
finite-time and robust against both external disturbances and
internal parameter uncertainties.

3.3. Generation of Current Residual and Fault-Sensitive Char-
acteristic Analysis

The current estimation residual is defined as:
r(t) =is(t) —is(?) (29)

Under the convergence condition of the IST-NFTSMO, the
lumped disturbance is fully compensated by the sliding mode
control term. The residual is presented as a zero-mean, approx-
imately normally distributed random signal under normal oper-
ating conditions. The validity of this Gaussian assumption has
been confirmed by Han et al. [27] for a similar sliding-mode-
observer-based fault diagnosis scheme. In their work, the resid-
uals of the improved SMO passed the Kolmogorov-Smirnov
test at the 5% significance level and exhibited near-ideal skew-
ness and kurtosis values. Given that the IST-NFTSMO inherits
the same observer-residual structure and provides even stronger
disturbance rejection, the residual signal in the present system
is also expected to follow an approximately normal distribu-
tion under healthy conditions. Owing to measurement noise
and model parameter perturbations, the residual is not strictly
zero. However, its amplitude is confined within a narrow band.
Both the mean and standard deviations remained stable.

When an open-circuit fault occurs in the inverter, a half-cycle
or full-cycle missing of the actual stator current waveform is
observed. The observer still outputs the ideal sinusoidal esti-
mation based on the normalized model. Consequently, a sig-
nificant deviation between the actual and estimated values was
observed. Under these conditions, the statistical properties of
the residual signal are significantly altered: the mean shifts
from zero to a non-zero value; the standard deviation increases
substantially; and the positive-negative sign distribution of the
residual becomes asymmetric. These variations are manifested
in two dimensions: the amplitude statistics and the sign direc-
tion information of the residuals. The former can be employed
for sensitive fault detection, whereas the latter can be employed
for the precise localization of the faulty phase and switch.

4. OPEN-CIRCUIT FAULT DIAGNOSIS METHOD
BASED ON ALLR-SCR HYBRID FEATURES

4.1. Current Residual Distribution Characteristics Under Open-
Circuit Faults

Under ideal conditions, the actual current output of the mo-
tor drive system is equal to the estimated current produced by
the IST-NFTSMO sliding-mode observer. That is, the current
residual is zero. When an open-circuit fault occurs in the upper
switch of a certain phase, the positive half-cycle of the output
current waveform for that phase tends to approach zero. When
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FIGURE 4. Probability distribution of current before and after fault.
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FIGURE 5. Principle of fault diagnosis.

an open-circuit fault occurs in the lower switch of a certain
phase, the negative half-cycle of the output current waveform
for that phase tends to approach zero. The diagnostic principle
of the proposed fault diagnosis method is shown in Fig. 5. Fault
detection and localization are performed based on the resid-
ual between the estimated and actual currents under fault con-
ditions, combined with the fault information contained in the
residual.
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4.2. Statistical Feature Extraction of Current Residual

The probability distributions of the actual and estimated cur-
rents before and after the open-circuit fault were examined to
evaluate the accuracy and effectiveness of the IST-NFTSMO.
The results were presented in Fig. 4, which shows the probabil-
ity distributions of the actual and estimated currents before and
after the open-circuit fault.

As shown in Fig. 4, under normal conditions, both the actual
and estimated currents closely followed a normal distribution.
Their means and standard deviations were approximately equal.
However, after the occurrence of an open-circuit fault, both the
actual and estimated currents deviated from the normal distri-
bution. Their means and standard deviations were shifted from
those observed under normal conditions.

By exploiting this fault characteristic, the ALLR was devel-
oped as a fault feature based on the probability density functions
(PDFs) of the actual and estimated currents. The expression is
as follows:

Fry,=In <W> , ked{abc} (30)

(P (ir)

In (30), Py (i) and Pk(zk) represent the PDFs of the actual
and estimated currents, respectively, and (-) denotes the signal
cycle-averaged value. The expressions are as follows:

iy b (= (i)
no = e (U)o
<Pk(zk)> = Tis/th Pk(T)dT (32)

where 1 and o represent the mean and standard deviation of the
current signal, respectively, and T is the fundamental current
period. The calculation of the cycle-averaged PDF improves
the accuracy of fault diagnosis, because the interference from
non-faulty phase fluctuations during the fault period is sup-
pressed.

Moreover, as demonstrated in [27], the ALLR is inherently
robust to moderate non-Gaussian noise and transient distur-
bances, because it primarily captures the shift in the first two
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moments (mean and variance) induced by the fault, rather than
relying on the exact shape of the noise distribution.

Based on the above, the fault detection flag can be defined
as:

Mk:{l, Fy > MT 33)
0, Fr<MT
where M T is the diagnostic threshold for ALLR.

The ALLR indicator can sensitively detect whether an open-
circuit fault has occurred in the system. However, the fault lo-
cation cannot be determined directly using the ALLR alone. To
distinguish between faulty upper-arm and lower-arm switches,
a statistic that is highly sensitive to the residual direction and
computationally simple is required; that is, the signed cumu-
lative ratio (SCR). The SCR is defined as the arithmetic av-
erage of the residual signs within a sliding window. For the

k-th phase with a residual window vector of length N, r; =
[re(1),7(2), ..., 7(N)]T, the SCR is calculated as:

N
Si = O sien(en(s)) (34)
j=1

where sign(-) is the sign function, which takes values of +1,
0, or —1. The SCR ranges from —1 to +1. It intuitively re-
flects the ratio of positive to negative signs within the window:
Sk = 0 indicates that positive and negative signs are equally
distributed; Sy, > 0 indicates that positive values are dominant;
Sk < 0 indicates that negative values are dominant.

Under normal operating conditions, the residual fluctuates
symmetrically around zero. The probabilities of positive
and negative signs are approximately equal, and the SCR
approaches zero (S, = S, = S. &~ 0). When an upper-arm
open-circuit fault occurs (considering phase-A switch S1 as
an example), the current path in the positive half-cycle is
blocked. The actual current is forcibly clamped to zero or
severely attenuated during the positive half-cycle, whereas the
estimated current maintains a complete sinusoidal waveform.
Consequently, the residual exhibits large negative values
during the positive half-cycle. The current in the negative half-
cycle was barely affected, and the residual approaches zero.
Under this condition, the signs of the vast majority of residual
data points within the window are negative, and the SCR
becomes significantly negative (S, < 0,e.g.,5, < —0.5).
Similarly, when a lower-arm open-circuit fault occurs (taking
phase-A switch T4 as an example), the current in the negative
half-cycle is missing. The residual exhibits large positive
values during the negative half-cycle, and the SCR becomes
significantly positive (S, > 0).

By combining the SCR with the preset threshold £5;, the
fault localization variable can be conveniently generated as fol-
lows:

+1, Sk > +S, (Upper bridge switch fault)
R =<0, =St < Sk <+, (Normal condition)
—1, Sk < —Su, (Lower bridge switch fault)

(35)
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Combined with the fault-phase flag Mj detected by the
ALLR, the final fault localization variable is defined as:

E, = MiRy, (36)

The correspondence between its values and the faulty
switches is summarized in Table 1.

For cross-side dual-switch open-circuit faults, M = 1
and non-zero Ry will simultaneously appear in two different
phases. The localization algorithm does not immediately ter-
minate the diagnosis upon detection of the first fault. Instead,
the ALLR and SCR of the remaining two phases are contin-
uously monitored. If the Sy of the second phase is also de-
tected to exceed the threshold within one fundamental cycle af-
ter the first fault is identified, the dual-switch fault type can
be directly determined based on the sign combination of Ry, in
both phases. For single-phase dual-switch open-circuit faults
(upper and lower switches open simultaneously), the phase cur-
rent disappears completely. The residual equals the negative of
the estimated current and alternates between positive and neg-
ative within one fundamental cycle. Under this condition, the
SCR within the window exhibits near-zero periodic oscillation
(because the positive and negative signs are nearly equally dis-
tributed). However, the ALLR still stably exceeds the thresh-
old. The discrimination condition is as follows: F}, exceeds the
threshold, and S}, cannot continuously exceed the threshold in
a single direction across multiple consecutive sliding windows,
and the SCRs of the other two phases remain normal. Under
this condition, the system is determined to have a single-phase
dual-switch open-circuit fault, and the localization variable E},
outputs an alternating [—1, +1] sequence for differentiation.

4.3. Delayed-Switching Adaptive Threshold Design

4.3.1. Statistical Basis and Initialization of ALLR Threshold

Under normal operating conditions, the IST-NFTSMO can ac-
curately estimate the stator currents. The residual approxi-
mately follows a zero-mean normal distribution. The ALLR
feature is ideally equal to zero. However, due to measurement
noise, dead-time effects, and modeling errors, slight fluctua-
tions of F}, still exist during normal operation. To avoid fre-
quent false detections, a reasonable baseline must be deter-
mined based on normal historical data. In this study, the ab-
solute values of the three-phase ALLR features are uniformly
stored in a sliding queue of length L (the queue length L is typ-
ically set to the number of sampling points within one funda-
mental cycle). The statistical base value of the ALLR threshold
is defined as:

ep = medianypper(|F|) + &k - IQR(| F|) 37

where Q3(|F|) is the upper quartile of the queue, IQR(|F|)
is the interquartile range (the difference between the 75th and
25th percentiles), and & is an adjustable coefficient (typical val-
ues range from 1.5 to 3). This base value was computed solely
from the normal data before the occurrence of a fault. The sta-
tistical variation range under normal operating conditions was
adequately covered, and the false alarm rate is kept extremely
low.
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TABLE 1. Relationship among fault diagnosis variables, faulty phases, and faulty switches.

Fault Type Faulty Switches E, Ey E.
S1, 56 +1 -1 0
S1,S2 +1 0 -1
Cross-side dual-switch open-circuit S, 54 -1 + 0
S3, Se 0 +1 -1
Ss, 54 -1 0 +1
S5, Se 0 -1 +1
S1,S3 +1 +1 0
S1,Ss +1 0 +1
Same-side dual-switch open-circuit 53, 55 0 1 1
S4, Se -1 -1 0
S4, S2 -1 0 —1
Se, S2 0 -1 -1
S1,54 [+1,—1] 0 0
Single-phase dual-switch open-circuit Ss, Se 0 [+1,-1]
Ss, S2 0 0 [+1,—1]
S1 +1 0 0
Sy -1 0 0
Single-switch fault S5 0 1 0
Se 0 -1 0
Ss 0 0 +1
So 0 0 -1

4.3.2. Delayed-Switching Mechanism Integrating Fault States

However, once a fault occurs, the F}, of the faulty phase in-
creases substantially. If fault data are simply added to the sta-
tistical queue, € will be artificially increased. Consequently,
the threshold will lose its sensitivity to subsequent faults. To
address this issue, a delayed-switching adaptive threshold con-
cept is proposed, in which a fault-state awareness module is
incorporated based on the statistical threshold.

The threshold structure is dynamically adjusted using a de-
layed signal from the previous control cycle. When no fault is
detected in any phase (i.e., M, = M, = M. = 0), the diag-
nostic threshold MT is directly set as the statistical base value
plus a small safety margin:

MT =ep+n (38)

When a single-phase fault is detected (e.g., only M, = 1),
the threshold is switched to the sum of the average of the ALLR
absolute values from the non-faulty phases and the safety mar-
gin:

FE,| +|F.
yr_ BLHIR]

2 )
where ¢ represents the two non-faulty phases. Its physical sig-
nificance lies in the fact that the threshold is determined en-
tirely by the statistical characteristics of the healthy phases. The
faulty phase is excluded, and threshold distortion is avoided. If
a double-phase fault occurs, the threshold evolves as follows:

y,2# (39

5
MT = 6 |Fnon—fault| +n (40)
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That is, only the feature of the sole remaining healthy phase is
utilized, multiplied by 5/6 to reduce the risk of an excessively
high threshold caused by single-phase fluctuations. When all
three phases experience faults (e.g., single-phase dual-switch
faults causing abnormal currents in all three phases), the thresh-
old degrades to a fixed minimum value, such that the most basic
fault detection capability is maintained.

The above threshold switching is controlled in real time by
a delayed fault flag signal. The delay time is only one control
cycle, and its impact on the diagnostic speed is negligible. This
composite adaptive threshold inherits both the adaptive capa-
bility of the statistical threshold for steady-state operating con-
ditions and its low false-alarm rate. Meanwhile, contamination
by fault data is prevented by delayed switching. The reliable
detection of single-switch and multi-switch faults is achieved.

4.3.3. Setting of SCR Localization Threshold

The signed cumulative ratio (SCR) is used for fault localiza-
tion. The normal values fluctuate around zero. By following a
similar approach, the distribution of S}, can be statistically char-
acterized under normal operating conditions, and the upper and
lower localization thresholds can be set. To simplify the design,
a fixed threshold was adopted in this study. When Sy, < —Sy,
a lower-arm fault is determined; when S > +S;, an upper-
arm fault is determined. This threshold can be automatically
adjusted based on the actual noise level using the median and
IQR methods. However, considering that the SCR is insensi-
tive to the amplitude and the sign characteristics are stable, the
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TABLE 2. Circuit parameters.

Parameters Values Unit
Input voltage (Vi) 150 \%
qZS Network Inductor (L) 2x1073 H
qZS Network Capacitor (C) 4.7 x 1074 F

Number of pole pairs (Py,) 4
Switching cycle (fs) 10 kHz
Stator resistance (Rs) 0.15 Q

circuit fault is confirmed at approximately 4.4 ms. The second

FIGURE 6. RT-LAB experimental platform. switching of MT ensures that no misdiagnosis occurs during

the non-fault-dominant phase. The total time from the occur-

fixed threshold already demonstrates good robustness. There- rence of the first fault to the complete localization of both faults
fore, a complex adaptive structure was not introduced. is approximately 4.4 ms (approximately 44%T5).

The diagnostic results for the S7 and S3 open-circuit faults
are described in Fig. 8(a). After the fault occurs, Fj, first ex-
ceeds the threshold M7, and M, is set to 1 at approximately
1.6 ms. Almost simultaneously, the current residual in phase
B also deviates sharply; Fj, meets the threshold condition at

5. EXPERIMENTAL VERIFICATION

5.1. RT-LAB Hardware-in-the-Loop Experimental Verification

The RT-LAB experimental platform shown in Fig. 6 was about 2.0ms, and M, is set to 1. Since both S; and Ss are
adopted to experimentally validate the proposed open- upper-arm faults, the actual phase currents are blocked during
circuit fault diagnosis method for QZ-source inverters. A the positive half-cycles, while the estimated currents maintain
TMS320F2812 chip was selected as the digital signal process- complete sinusoidal waveforms. Consequently, the residuals
ing (DSP) controller. The core modules of the PMSM system, R, and Ry, are dominated by large negative values during the
including the inverter, were constructed using the RT-LAB fault intervals, causing the signed cumulative ratios S, and S,
(OP5600) platform. The data were sampled at a frequency to drop below the negative localization threshold. According to
of 10kHz. The fundamental current period of the PMSM the fault localization rule defined in Table 1, this corresponds
was Ty = 0.01s. The main circuit parameters used in the to E, = +1 and E, = +1. These two localization variables
experiments are listed in Table 2. are successively confirmed at approximately 3.5 ms and 4.0 ms,
The experimental results for the four fault scenarios, that respectively. The system then identifies that a same-side dual-
is, cross-side dual-switch open-circuit, same-side dual-switch switch open-circuit fault (S; and S3) has occurred. The total
open-circuit, single-phase dual-switch open-circuit, and single- time from fault occurrence to complete dual-switch localization
switch fault, are presented in Figs. 7 and 8. The experimental is approximately 4.0 ms.
results are unaffected by the fault sequence and the interval be- The diagnostic results for the single-phase dual-switch open-
tween the faults. circuit fault are shown in Fig. 8(b). After the fault occurs, F,
From Fig. 7(a), the diagnostic time for the S; fault can be exceeds M T at approximately 1.6 ms, completing the initial de-
quantitatively analyzed. After the fault occurs, I, rapidly ex- tection. Subsequently, because the phase-A current disappears
ceeds the threshold MT. M, was set to 1 at approximately completely, the residual equals the negative of the estimated
1.6 ms (16%T), completing the fault detection and phase-A current. The SCR cannot continuously exceed the threshold
localization. Subsequently, within the first complete current in a single direction across multiple consecutive sliding win-
half-cycle after M, was confirmed, R, exceeded the localiza- dows. Combined with the ALLR continuously exceeding the
tion threshold +5;;,. Combined with M, = +1and R, = +1, threshold, the system determines at approximately 5.4 ms that
E, = +1 was output by the system. The faulty switch was ul- a single-phase dual-switch open-circuit fault has occurred, and
timately identified as the upper-arm switch Sy of phase A. The E, outputs an alternating [—1, +1] sequence. The total time
total time from fault occurrence to final switch localization was from fault occurrence to fault type confirmation is approxi-
approximately 3.2 ms. mately 5.4 ms.

The diagnostic results for the S5 and S4 open-circuit faults
are described in Fig. 7(b). After the fault occurs, F}, rapidly in-

creases above MT. M, was set to 1 at approximately 1.6 ms, 5.2. Comparative Analysis with Existing Methods

and the phase-B fault was initially detected. Combined with To further validate the performance of the proposed method,
M, = +1 and R, = +1, the S3 open-circuit fault was con- two typical inverter open-circuit fault diagnosis methods were
firmed by the system at approximately 1.8 ms. Thereafter, the selected for comparative testing with the proposed method. The
first switching of MT was executed because of the delayed comparison results are shown in Fig. 9. In addition, other rep-
feedback of M. During the second fault-dominant phase, F, resentative methods from recent years are introduced for multi-
exceeds the new threshold MT'. M, is setto 1 at approximately dimensional systematic comparison. The comparison results
3.4ms. Combined with M, = +1 and R, = —1, the S4 open- are presented in Table 3.
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FIGURE 7. Fault diagnosis results.
TABLE 3. Comparisons among different methods.
Additional . Anti- . Speed (%)
Method Features Loads Adaptability Complexity — peed (%)
Hardware Interference Single OC Dual OC
[15]  Voltage-based residual qZSI Yes Medium Medium Medium 25 -
[16] DNN-based ZS1 No High Medium High 18 -
Average-phase . .
9] Veragep! Vsl Yes Medium Low Medium 15 65
voltage residual
[19] Current-based MPC PMSM No High Low Low 33 71
[21] Current-path based PMSM No High Medium Medium 12 -
C t residual &
Proposed oSG 7SILPMSM No High High Medium 32 75

statistical features

!The diagnostic speed is measured in percentage of the fundamental period (%), taking the average value.

In the direct comparison experiments, the current vector tra-
jectory analysis method proposed in [15] requires the three-
phase currents to be transformed into the Concordia coordinate
system, and the trajectory slope changes to be analyzed. The
computational complexity is moderate in this case. Sensitivity
to the current sensor offset was observed. The single-switch
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fault diagnostic time is 25%7s. The capability for dual-switch
fault diagnosis is not provided. The current-path-based rapid
diagnosis method proposed in [21] imposes a lower computa-
tional burden. The single-switch fault diagnostic time is ap-
proximately 12%7;. However, its diagnostic threshold relies
on experimental calibration. Both the adaptive capability and
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FIGURE 8. Fault diagnosis results.

anti-interference performance were at a medium level. In addi-
tion, dual-switch fault diagnosis was not addressed.

In the proposed method, the current residual statistical fea-
tures are generated by the IST-NFTSMO. Rapid fault detection
is achieved using ALLR, and precise localization is achieved
using SCR. The delayed-switching adaptive threshold mecha-
nism enables an automatic adjustment of the diagnostic thresh-
old according to operating conditions. The experimental re-
sults demonstrate that the average time from single-switch
fault occurrence to complete switch localization is approxi-
mately 32%7,. This speed is slightly slower than the 25%
reported in [15] and the 12% reported in [21]. However, the
inability of both comparison methods to diagnose dual-switch
faults is compensated for by the proposed method. For dual-
switch open-circuit faults (including same-side, single-phase,
and cross-side dual-switch faults), the average diagnostic time
was approximately 75%Ts. The reliable localization of all
types of dual-switch faults can be achieved within a unified
framework.
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As can be further observed in Table 3, the voltage-residual-
based method in [15] requires additional voltage sensors, re-
sulting in higher hardware expense. Only single-switch faults
can be diagnosed using this method. The deep-neural-network-
based method in [16] does not require additional hardware.
However, its diagnostic reliability is highly dependent on large
volumes of training data, and its computational complexity is
high. The practical applicability and generalization capabil-
ity of these models are limited. The voltage residual analysis
method in [9] and the current trajectory centroid method in [22]
possess dual-switch fault diagnostic capabilities. The diagnos-
tic speeds were comparable to those of the proposed method,
with different emphases. However, the former requires volt-
age sensors and employs fixed thresholds, resulting in limited
adaptability. The latter exhibits a lower anti-interference per-
formance under dynamic operating conditions. In summary,
the proposed method relies entirely on the system’s existing
current sensors. No additional hardware is required for this.
High adaptive capability and strong anti-interference perfor-
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FIGURE 9. Comparative analysis of fault characteristics.

mance are achieved using residual statistical features and the
delayed-switching adaptive threshold mechanism. Both single-
switch and various types of dual-switch open-circuit faults can
be covered. A favorable balance was achieved between the
diagnostic speed, hardware cost, adaptability, and diagnostic
scope.

6. CONCLUSION

This paper proposes an open-circuit fault diagnosis method
for quasi-Z-source inverter-driven permanent magnet syn-
chronous motor systems based on an improved super-twisting
non-singular fast terminal sliding mode observer (IST-
NFTSMO) and ALLR-SCR hybrid statistical features. In the
proposed method, the current estimation residuals are gener-
ated using a sliding-mode observer. Based on the differences
in the probability density distributions of the residuals before
and after the faults, rapid fault detection is achieved using the
average log-likelihood ratio (ALLR). The precise localization
of the faulty switch is realized through the signed cumula-
tive ratio (SCR). The designed delayed-switching adaptive
threshold mechanism enables an automatic adjustment of the
diagnostic threshold according to the operating conditions.
Meanwhile, the contamination of the statistical baseline by
fault data is effectively prevented.

The proposed method relies entirely on the existing cur-
rent sensors in the system. No additional hardware or offline
training data were required. The diagnosis of single-switch
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and various types of dual-switch open-circuit faults can be
achieved within a unified framework. The experimental results
demonstrate that the proposed method can accurately diagnose
both single-switch and dual-switch open-circuit faults. The
average diagnostic time is approximately 32%7 for single-
switch faults and approximately 75%7s for dual-switch faults.
Furthermore, the proposed method exhibited good robustness
against variations in speed and load, sensor noise, and other
operating disturbances.

It should be noted that the proposed method only targets
open-circuit faults in power switching devices. Short-circuit
faults and incipient faults were not addressed. The diagnostic
capability under coupled fault scenarios requires further inves-
tigation. In the future, the proposed statistical feature frame-
work can be extended to the unified fault diagnosis of multi-
level quasi-Z-source inverter topologies.
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