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Based IGBT Collector Emitter Saturation Voltage
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Abstract—Power switching device insulated gate bipolar tran-
sistor (IGBT) is a key component in the power conversion system
(PCS). Fatigue-induced aging of its electrical characteristics can
lead to serious degradation of PCS, such as increased losses and
temperatures, fault shutdowns or equipment damage, even safety
risks for the battery units. The collector-emitter saturation volt-
age Vce is an essential indicator of IGBT health status, and the
monitoring this ON-state saturation voltage can effectively assess
its operational health. However, data-driven modeling-based mon-
itoring algorithms are highly dependent on data quality and scale,
and substandard data quality can cause significant deviations in
the data model, besides extra sensors may not be feasible to be
implemented on existing converters. To tackle these challenges,
this article introduces a PCS feedback control data based non-
linear least squares curve fitting algorithm for the precise iden-
tification of the saturation voltage of IGBT. The PCS model has
been established, which incorporate the IGBT dead-time switching
character to enhance the accuracy. Additionally, for the collected
feedback control data, a Kalman filter observer is constructed to
reduce data deviations and noise interference, successfully miti-
gating the impact of sampling noise on identification accuracy.
Finally, the correctness and effectiveness of the proposed IGBT ON-
state saturations voltage monitoring method are verified through
MATLAB/Simulink simulations and experimental setup.

Index Terms—Condition monitoring, insulated gate bipolar
transistor, Kalman filter, power conversion system.

I. INTRODUCTION

TO ACHIEVE the goals of carbon peaking and carbon
neutrality, it is essential to facilitate the multidirectional

synergy among power generations, utility grids, loads, and
energy storages to support renewable energy dominted elec-
tricity system [1]. Energy storage power stations can balance
the power generations and demands, effectively improving the
power system reliability. Power conversion system (PCS) is the
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key equipment in energy storage power sattions, serving as a
critical bridge between the energy storage units and utility grid
[2].

Insulated gate bipolar transistor (IGBT) is widely utilized as
the crucial switching device in PCS, withstanding high volt-
age, and high switching frequencies. During switching pro-
cess, the power losses cause junction temperature variations,
and periodic fluctuations induce cyclic thermal stress changes.
IGBT constructed materials have different thermal expansion
coefficients, thus, the fluctuating thermal stress leads to certain
mechanical separation of the bond wires and solder layers. Over
time, this mechanical degradation gradually increases the con-
tact resistance between different materials, resulting in elevated
power losses, and temperature promotion, thus ultimately reduce
the equipment reliability. This degradation seriously impacts
the operating efficiency and safety of the PCS system. There-
fore, monitoring the health status of IGBT operation is crucial
for implementing timely and effective maintenance measures,
enhancing the safe and stable operation of power electronic
systems.

For the safe operation of energy storage power stations, the
faults of PCS are typical high-risk factors. The fault of PCS can
be classified as structural faults and parameter aging faults [3].
Structural faults are typically caused by electrical overstress, and
this kind of fault impact can be mitigated through specific control
strategies, such as fault diagnosis or fault tolerance control
method. Parametric faults arise from wear and degradation in
long-term operation and components deterioration, which can
evolve into structural failures. Thus, PCS component condition
monitoring is capable to evaluate the aging state and contribute
predictive maintenance. Advancements in sensor accuracy and
reliability, along with efficient modeling and data processing
methods like digital twins, artificial intelligence (AI) and ma-
chine learning, now enable better monitoring of PCS physical
models and internal parameters. These advancements strongly
support the effective assessment of PCS equipment’s lifespan,
operational safety, and reliability [4].

According to industry survey data, approximately 20% of
failures in power electronic systems are attributable to power
semiconductor devices, making them one of the most failure-
prone components [5]. The aging failure of IGBTs lead to
changes in related electrical parameters. Currently, the ON-state
voltage Vce is recognized as a highly sensitive indicator for
assessing IGBT aging [6].
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To achieve accurate monitoring of the ON-state voltage Vce,
a measurement circuit utilizing a metal-oxide-semiconductor
field-effect transistor (MOSFET) as a switching element is pro-
posed in [7]. However, this method requires additional hard-
ware, significantly increasing cost. A monitoring circuit using
a clamping setup with a reverse-series diode and Zener diode
is proposed in [8]. Despite this, the circuit targets single-device
measurements needing extra connection points, complicating its
use in complex converter topologies. To solve this, a converter-
level monitoring circuit is introduced, which connects directly
to the midpoint of the converter bridge arm to measure the IGBT
saturation voltage drop easily [9].

In large-scale energy storage power stations, the number of
PCS units is numerous. Traditional monitoring methods require
extra hardware, increasing costs, and complexity. Retrofitting
existing systems with additional hardware is often impractical.
Consequently, researchers globally have proposed methods that
avoid the need for extra circuits. For example, the following
conditions hold.

1) A fractional-order mathematical model of a Boost con-
verter, combined with a particle swarm optimization
(PSO) algorithm, has been used to enhance parameter
identification accuracy [12].

2) Output voltage ripple data from converter trains a support
vector machine to monitor and locate components faults
[13].

3) Analysis of the dc-link capacitor discharge curve in trac-
tion converters leads to a proposed capacitor estimation
method [14].

These approaches simplify condition monitoring without ad-
ditional hardware, making them more practical for implementa-
tion.

In previous identification methods, IGBTs were considered
ideal, ignoring their voltage drop and power loss during switch-
ing conduction. Previous identification methods treated IGBTs
as ideal switches, ignoring their conduction characteristics.
A Kalman filter–aided modular multilevel converters (MMC)
monitoring scheme uses Vce to formulate loop equations [15].
However, it is less effective in three-phase two-level PCS sys-
tems. This is due to voltage transients from inductive compo-
nents.

With increased computing power, AI techniques are now more
widely used in condition monitoring. For example, the following
conditions hold.

1) A machine learning-based method monitors diodes for-
ward voltage drop and MOSFET ON-state resistance of in
dc–dc converters [16].

2) Backpropagation neural networks identify component pa-
rameters in dc–dc converters [17], though they require
comprehensive offline training data.

3) A digital twin model with PSO algorithm for parameter
identification has been developed for dc–dc converters
[18], and extended to single-phase ac–dc converters [19].

These advancements aim to overcome limitations and im-
prove the accuracy and applicability of condition monitoring
techniques.

To effectively monitor the ON-state voltage of IGBTs in
three-phase two-level converters, an accurate physical model is

essential. Previous studies have modeled IGBTs in these convert-
ers as a voltage source in series with a resistor [20]. However,
the ON-state voltage Vce shows a linear relationship with the
conduction current, according to IGBT output characteristic
curves.

Despite progress, there is significant room for improving
IGBT modeling accuracy, potentially through multiphysics sim-
ulation techniques. Additionally, many IGBT parameter identi-
fication studies use the PSO algorithm, which can be limited
by tendencies to get stuck in local optima and sensitivity to
parameter selection. The effectiveness of PSO, including con-
vergence speed and search efficiency, heavily depends on the
chosen parameters, often necessitating empirical tuning, and
experimental validation for optimal results.

To address these limitations of PSO, alternative optimization
algorithms have been explored. For instance, the whale opti-
mization algorithm (WOA) demonstrates a stronger capability
in avoiding local optima, offering advantages such as simpler im-
plementation and faster convergence [29]. In contrast, AI-based
algorithms typically require extensive training data and are often
accompanied by higher computational complexity and greater
resource demands [17]. The choice of optimization method sig-
nificantly impacts the performance of parameter identification,
which in turn plays a critical role in improving the accuracy
of data-driven condition monitoring models. While methods in
[18], [19], and [20] achieve IGBT condition monitoring, they
do not consider measurement noise effects. Raw data quality is
crucial, because sensor errors and noise can lead to inaccurate
results [21].

The Kalman filter effectively reduces sampling noise and
improves identification accuracy. In this study, multisensor data
fusion combined with a Kalman filter is used during data ac-
quisition. This method removes noise and increases monitoring
precision for key parameters.

The rest of this article is organized as follows. Section II
develops a mathematical model of the PCS, discusses the con-
trol and modulation methods, and explained the IGBT aging
mechanisms and their impacts. Section III examines the effects
of external factors on data and proposes a data preprocessing
method. Section IV validates the proposed condition monitoring
method through software simulations and experimental tests.
Section V presents simulation and experiment verifications. Sec-
tion VI presents discussions and potentials. Finally, Section VII
concludes this article.

The main contributions of this article include the following.
1) Effective Monitoring: Utilizing PCS closed-loop control

data and data-driven algorithms for effective IGBT satu-
ration voltage monitoring.

2) Nonintrusive Approach: This method requires no addi-
tional sensors or hardware, reducing system complexity
and cost.

3) Accurate Aging Monitoring: It precisely monitors key
aging parameters of IGBTs, supporting robust predictive
maintenance for the PCS.

4) Improved Accuracy: Theoretical analysis identifies inher-
ent limitations in conventional monitoring approaches.
By integrating multisensor data fusion with a Kalman
filter to suppress measurement noise, the proposed method
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Fig. 1. Aging mechanism of IGBT.

achieves significantly improved condition monitoring ac-
curacy.

II. IGBT ON-STATE VOLTAGE FAULT MAPPING AND

MONITORING MECHANISM

A. Model of PCS

Fig. 1 shows the PCS topology, where Udc represents the dc
bus voltage, C denotes the dc filter capacitance, Li is the filter
inductance, Ri is the stray resistance of the filter inductance, and
Lg and Rg are the inductance and resistance of the grid equivalent
impedance, respectively. ix (where x�{a,b,c}) represent the
three-phase grid-connected current, while ex (where x�{a,b,c})
denote three-phase grid voltage.

For easier analysis, the dc bus capacitor is represented as
two series connected capacitors, with an imaginary midpoint
O’ marked. Using the circuit topology and Kirchhoff’s voltage
law, the mathematical equation of PCS three-phase voltage can
be formulated as ⎧⎨

⎩
uao′ = uao + uoo′

ubo′ = ubo + uoo′

uco′ = uco + uoo′ .
(1)

Based on the three-phase voltage balance of the grid-
connected converter, it can be derived that

uao + ubo + uco = 0. (2)

According to (1) and (2), uo′o can be expressed as

uo′o = −1

3
· (uao′+ubo′ + uco′). (3)

Thus, the phase voltage can be reconstructed and expressed
as ⎡

⎣uao

ubo

uco

⎤
⎦ =

1

3

⎡
⎣ 2 −1 −1
−1 2 −1
−1 −1 2

⎤
⎦ ·

⎡
⎣uao′

ubo′

uco′

⎤
⎦ . (4)

(a) (b)

Fig. 2. Commutation circuit of PCS.

The three-phase output current of the PCS can be expressed
as ⎡

⎢⎣
dia
dt
dib
dt
dic
dt

⎤
⎥⎦ =

⎡
⎣

1
La

0 0

0 1
Lb

0

0 0 1
Lc

⎤
⎦ ·

⎡
⎣uao − ia ·Ra − ea
ubo − ib ·Rb − eb
uco − ic ·Rc − ec

⎤
⎦ (5)

where Lx = Li + Lg (where x � {a,b,c}) represents the total
inductance of the filter inductor and the grid-side inductor, and
Rx = Ri + Rg (where x � {a,b,c}) represents the total resis-
tance of the stray resistance of the filter inductor and the grid
resistance.

As shown in Fig. 2, the conduction states of phase A in the
PCS can be divided into four distinct modes, based on the IGBT
conduction states and the direction of the grid-connected current.
The switching function is defined as follows:

s =

{
1 T1 is on andT2 is off
0 T2 is on andT1 is off

. (6)

The PCS uses current closed-loop control in the d-q coor-
dinate system, with a proportional integral (PI) controller to
eliminate steady-state errors and adjust dynamic response speed,
as shown in Fig. 3. idref and iqref are dq-axis components of
the reference grid-connected current, igd and igq are dq-axis
components of feedback current. utdref and utqref are dq-axis
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Fig. 3. Control strategy of PCS.

Fig. 4. Regular SPWM in digital control.

components of the output voltage on the PCS’s ac side. The
inner loop generates the sinusoidal fundamental voltage udref
and uqref on the PCS’s ac side, and the modulated signal uabc is
produced via an inverse Park transform.

PCS modulation strategy employs bipolar sinusoidal
pulsewidth modulation (SPWM), as shown in Fig. 4, which of-
fers digital control with flexibility, adaptability, and robustness.

A digital signal processor (DSP) is normally applied for in-
dustrial PCS control, where a counter generates a stepped digital
triangular carrier by cycling through addition and subtraction
operations. This PWM wave controls the ON–OFF states of the
IGBTs to produce the desired sinusoidal output.

Under normal conditions, the ON-state voltage Vce of an IGBT
can be expressed as

Vce = f(ka, Tvj, Vge, Ic) (7)

where ka denotes the aging factor, Tvj represents the junction
temperature, and Ic is the ON-state collector current.

In practical applications, the influence of Vge on Vce can be
neglected, as the parameters of the IGBT driver circuit and power
supply are typically kept constant. Under fixed junction temper-
ature conditions, the collector current Ic and the aging factor
are the primary factors affecting Vce. Therefore, IGBT ON-state
saturation voltage Vce and forward voltage Vd of antiparallel
diode are positively correlated with the conducted current. These
voltages need to be calculated based on identified values of Vo,

Fig. 5. Schematic diagram of trigger signal of the IGBT rising edge dead-time.

Vdo, Ron, and Rdon. Fig. 1 shows the equivalent model of IGBT,
where the ON-state voltage has a linear relationship with the
current. The IGBT can be modeled as a resistor in series with a
voltage source, and the ON-state voltage can be expressed as

Vce = Vo + IcRon (8)

VF = Vdo + IdRdon (9)

where Vo and Ron are IGBT threshold voltage and equivalent
resistance, respectively, Vdo and Rdon are, respectively, antipar-
allel diode threshold voltage and equivalent resistance, Ic is
IGBT collector current, and Id is the antiparallel diode current.
Thus, the accurate phase voltage can be expressed as

uao = uao′ + uo′o

= (2s− 1)
Udc

2
+ s · (sign(ia) · (−Vce1) + sign(ia) · VF1)

+ s · (sign(ia) · (Vce2) + sign(ia) · (−VF2)) + uo′o
(10)

where sign (ia) represents the direction of the current. When
the current flows from PCS to the power grid, sign (ia) is 1,
otherwise it is 0. The variable s denotes the ON and OFF states of
the IGBT.

To enhance the model’s accuracy, consider the delay in the
digital control system. This article accounts for the IGBT ON–
OFF dead zone time, td. As Fig. 5 shows, the rising edge of the
IGBT gate drive signal is delayed by td. The falling edge signal
stays unchanged.

B. Aging Mechanisms and Characterization Analysis of IGBT

The monitoring of IGBTs utilizes both thermal and electrical
signals. Thermal signal monitoring is less invasive and easier
to implement. However, housing temperature can be easily
interfered with by other heat sources, such as adjacent power
modules and components, and ambient temperature, showing
low degradation sensitivity.

In contrast, the electric parameter method features rapid re-
sponse and strong online application capability. The ON-state
resistance Ron includes the resistance of the semiconductor chip,
bond-wire, copper trace wire, and connection terminal. It is
expressed as

Ron = Rchip +Rbond +Rcopper +Rterm (11)

where Rchip, Rbond, Rcopper, and Rterm represent the resistances
of the semiconductor chip, bond wires, copper trace wires, and
connecting terminals, respectively.
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Fig. 6. Electrical characteristics change with IGBT aging.

Fig. 7. Output characteristic of IGBT.

The IGBT module’s structure is illustrated in Fig. 6. Mismatch
in thermal expansion coefficients generates thermal stress, im-
pacting the device’s reliability during long-term thermal cycling
or power cycling. As shown in the figure, the bond wires are con-
nected in parallel. When a bond wire breaks, the total equivalent
resistance increases, as indicated by (8) and (11). This increase
leads to a rise in the ON-state voltage.

Aging of the solder layer reduces the IGBT’s heat dissipation
performance and increases thermal resistance. This leads to a
higher junction temperature, resulting in a reduction in satura-
tion voltage [22]. Consequently, the ON-state voltage is highly
sensitivity to the degradation of power semiconductors and is
commonly used to characterize the degree of aging of IGBTs.
During the power cycling, the ON-state voltage Vce of IGBT
increases with aging.

Fig. 7 shows the output characteristic curve of an IGBT in a
healthy state. It can be observed that the output characteristic
curves at different temperatures intersect at a knee point. When
the conduction current is fixed, the portion of the curve above
the knee point shows a positive correlation between ON-state
voltage and junction temperature, while the portion below the
knee point exhibits a negative correlation. At the knee point
itself, the ON-state voltage is independent of the junction tem-
perature. After identifying the ON-state voltage Vce, use the
manufacturer’s datasheet to find the saturation voltage drop in a
healthy state. Compare the identified ON-state voltage with the
healthy state to evaluate IGBT aging. This article focuses on
methods for identifying the ON-state voltage of IGBTs.

C. Existing Condition Monitoring Techniques for IGBTs

Table I summarizes typical condition monitoring methods
for IGBTs. Hardware measurement methods require additional

Fig. 8. Flowchart of parameter identification.

hardware and are somewhat invasive. Data processing methods
are noise-sensitive and computationally intensive.

In previous studies on modeling three-phase two-level con-
verters, parasitic parameters of power devices were often over-
looked or not accurately modeled. Devices were typically treated
as ideal switches.

The PSO algorithm is commonly used for identifying parasitic
parameters but can get stuck in local optima. It is sensitive
to parameter settings such as velocity inertia weight (ω) and
learning factors (c1 and c2), which affect convergence speed and
search effectiveness. These parameters need careful adjustment
based on experience and experimentation for optimal results.
Moreover, prior research has not adequately accounted for the
impact of data quality on parameter identification.

Fig. 8 presents a flow chart of the parameter identification
process. Key challenges include data accuracy, external noise,
data drift, bad data, and dynamic insufficiency.

The accuracy of data directly affects the credibility of research
results. Previous studies often lack data optimization processing.
They also have high demands regarding data scale and working
conditions. Therefore, during the data handling process, data
accuracy is crucial for credible results. Many studies do not
adequately optimize their data, and there are significant re-
quirements for the scale and conditions of the data. To ensure
data reliability and validity during the identification process,
it is essential to implement strict preprocessing, filtering, and
model optimization. Addressing the mentioned issues, this ar-
ticle introduces an identification method that integrates data
optimization with the least squares approach. This method offers
several advantages, such as enhanced identification accuracy,
reduced computational complexity, and decreased reliance on
large datasets.

D. Mechanism of Faulty Data Generation and Impact Analysis

Data quality is vital for the accuracy of parameter identifi-
cation. If the original data is not ideal, significant errors can
occur. Fig. 9 analyzes the factors affecting data accuracy. Hall
sensors are commonly used for data sampling in converters.
Their measurement accuracy can be impacted by: electromag-
netic interference, switching frequency ripple, and sampling
frequency. These factors may cause the identification results to
deviate from the true values.
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TABLE I
COMPARISON OF DIFFERENT POWER DEVICE CONDITION MONITORING METHODS

Fig. 9. Data accuracy impact analysis.

Sensor errors and noise interference can cause identification
results to deviate from true values, leading to model mismatch.
Bad data and outliers may prevent the algorithm from converg-
ing, or cause it to converge to local optima. This reduces iden-
tification efficiency. Moreover, such poor-quality data increase
the computational burden and waste computing resources.

III. DATA ACQUISITION AND PREPROCESSING

A. Data Acquisition

In the PCS control system, the electrical signal measurement
process is shown in Fig. 10. After the current and voltage signals
are captured by respective sensors, they are transmitted into
the controller as voltage signals. Within the dSPACE system,
these signals undergo analog-to-digital (A/D) conversion. After
conversion, the signals are amplified and restored to their true
values. The processed signals are then utilized for closed-loop

Fig. 10. Flowchart of data sampling.

control and parameter identification, ensuring precise control
and efficient operation of the system.

B. Data Preprocessing

Considering the impact of bad data on identification accu-
racy, this article adopts multisensor data fusion to enhance
information exchange between sensors. It leverages the Kalman
optimization algorithm for real-time recursive filtering in data
preprocessing. Using system operation data collected by the
sensor, such as dc side voltage, junction voltage, and current, the
Kalman filter algorithm can accurately estimate the electrical
signal from the noisy measurement data. It effectively elimi-
nates sensor-induced measurement noise. The algorithm reduces
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uncertainty disturbances and improves current measurement
accuracy.

The Kalman filter algorithm operates in two phases: 1) pre-
diction and 2) correction. The steps to establish a Kalman filter
are as follows:

Lx
ix(tk)− ix(tk−1)

Tsa
= uxo −Rx · ix(tk−1)− ex (12)

where i(tk) and i(tk-1) represent the current value at time instants
tk and tk-1, respectively, Tsa is the sampling period, i.e., Tsa =
tk-tk-1, and x�{a,b,c}{

xk = Axk−1 +Buk−1 +wk

yk = Cxk + vk.
(13)

Associate with (12), the state equation of the system can be
defined as

A = I − Tsa ·

⎡
⎢⎣

Ra

La
0 0

0 Rb

Lb
0

0 0 Rc

Lc

⎤
⎥⎦

B = Tsa ·
⎡
⎣

1
La

0 0

0 1
Lb

0

0 0 1
Lc

⎤
⎦

C = I,v = 10−6 · I, ω = 0

where I represents the identity diagonal matrix.
Then, based on (13), state variable predicted value can be

calculated as

x̂−
n = Ax̂n−1 +Bun. (14)

Based on the a posteriori error matrix Pn-1, the a priori error
covariance matrix equation can be derived as

P−
n = AP n−1A

T +Q (15)

where Q represents the process noise covariance matrix

Kn = P−
nC

T
(
CP−

nC
T +R

)−1
(16)

where R is the measurement noise covariance matrix.
Subsequently, the optimal estimate can be calculated as

x̂n = x̂−
n +Kn

(
yn −Cx̂−

n

)
(17)

where yn is the measured variable value.
Finally, the error covariance matrix Pn is updated to compute

the priori error covariance estimate for the next time step. This
update, can be expressed as

P n = (I −KnC)P−
n (18)

where I is the identity diagonal matrix.
Once the PCS stable operation data is obtained, the measure-

ment data from the sensors are fused. The actual values for the
closed-loop control data are then estimated using the Kalman
filter algorithm.

IV. IGBT SATURATION VOLTAGE IDENTIFICATION THROUGH

NONLINEAR LEAST SQUARES

In practical applications, dead time is included in the modula-
tion process to prevent simultaneous conduction of the upper and
lower power IGBTs. Nonideal characteristics like the ON-state
voltage of IGBT and switching delay introduce nonlinearity
into the converter’s operation. Traditional linear identification
methods are inadequate for fully capturing the system’s dy-
namic behavior. To address these issues, nonlinear algorithms
are necessary for accurately identifying the inverter’s complex
nonlinear behaviors. This article proposes a nonlinear least
squares curve fitting approach for IGBT parameter identifica-
tion. It integrates Kalman filtering to reduce noise impact dur-
ing condition monitoring. These enhancements aim to simplify
debugging complexity and improve the algorithm’s robustness
and applicability.

A. PCS Mathematical Analytical Model

To establish a mathematical analytical model for curve fit-
ting using the state equation, it is necessary to discretize the
differential equation. The Runge–Kutta method is widely used
for solving differential equations and offers several advantages
[23]: It uses a recursive approach to find numerical solutions. It
provides high accuracy and is straightforward to implement. The
inductive current at the next sampling interval can be expressed
as ⎧⎪⎪⎨

⎪⎪⎩
ia,n+1 = ia,n + h

6 · (ka1 + 2ka2 + 2ka3 + ka4)

ib,n+1 = ib,n + h
6 · (kb1 + 2kb2 + 2kb3 + kb4)

ic,n+1 = ic,n + h
6 · (kc1 + 2kc2 + 2kc3 + kc4)

(19)

where ia, ib, and ic are phase currents⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

[ka1, kb1, kc1] = f (an, bn, cn)

[ka2, kb2, kc2] = f
(
an + h

2ka1, bn + h
2kb1, cn + h

2kc1
)

[ka1, kb3, kc3] = f
(
an + h

2ka2, bn + h
2kb2, cn + h

2kc2
)

[ka4, kb4, kc4] = f
(
an + h

2ka3, bn + h
2kb3, cn + h

2kc3
)
(20)

where f = [dia/dt, dib/dt, dic/dt], h is the time step between the
nth and (n + 1)th sampling points, and k is the average slope rate
between the nth and (n + 1)th sampling points⎡

⎣ia,n+1

ib,n+1

ic,n+1

⎤
⎦ = f(Voi, Roni, Vdi, Rdoni) ·

⎡
⎣ia,nib,n
ic,n

⎤
⎦ . (21)

In this article, the IGBT parasitic parameters are identified
using the least squares method based on trust region reflection,
in conjunction with the previously described converter mathe-
matical analysis model.

B. Trust-Region Reflective Nonlinear Least Squares

Trust-region reflective nonlinear least squares (TRRLS) is an
effective method for solving nonlinear minimization problems
with constrained bounds [24]. Specifically, TRRLS is used to
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Fig. 11. Flowchart of parameter identification.

determine the coefficient x that solve the following problem:

min
x

‖F (x, xdata)− ydata‖22
= min

x

∑
i

(F (x, xdatai)− ydatai)
2. (22)

In the equation, xdata denotes the given input data, ydata
represents the observed output, and F(x, xdata) is a matrix-valued
or vector-valued function of the same size as ydata.

fobj =
∑
i

(F (x, xdatai)− ydatai)
2. (23)

TRRLS uses a quadratic function q(s) to approximate the
objective function fobj(x). By minimizing q(s) within a neighbor-
hood N, the search step s is computed such that the next iteration
point x+s corresponds to a local minimum. This ensures global
convergence. The basic form of the method is as follows:

min
s

{qk(s) : ‖Dks‖2 ≤ Δk}
qk(s) =

1
2sHks+ sTgk

}
(24)

where s is the search step, Hk is the Hessian matrix, Dk is the
diagonal scale matrix, Δk is the trust region scale, and gk is the
gradient of fobj(x).

If fobj(xk+1)< fobj(xk), then xk+1= xk+αksk,αk is limited by
the boundary. The reflection trust region method will “reflect”
the solution back to the trust region, thereby avoiding invalid
solutions and continuing the optimization process; Otherwise,
the iteration point remains unchanged and the trust region is
further reduced. The flow chart of nonlinear least square method
is shown in Fig. 11.

By substituting experimental measurement data (t1,i1),
(t2,i2), …,(tj,ij) and mathematical model calculation data into
(25), the unknown parameter variables in the function can be
determined using the criterion of minimizing the loss function.

TABLE II
SIMULATION PARAMETERS

In this article, the objective function of the algorithm is defined
as

fobj =

N∑
j=1

[
(ia,j − iam,j)

2+(ib,j − ibm,j)
2+(ic,j − icm,j)

2
]

N
.

(25)
By fitting the experimental three-phase grid-connected cur-

rent waveform data using (25), the ON-state resistance and
threshold voltage of IGBT can be determined.

V. SIMULATION AND EXPERIMENT VERIFICATIONS

A. Simulation

Fig. 12 illustrates the TRRLS algorithm-based IGBT pa-
rameter monitoring block diagram. To ensure the accuracy of
parameter identification, the input data is selected from the
steady-state operation phase of the energy storage converter.
A typical sampling time window ranges from 50 ms to 80 ms,
covering multiple fundamental periods and including several
IGBT conduction intervals. This ensures both the stability and
representativeness of the data used in the identification process.
First, the collected data is converted from analog to digital using
dSPACE. To improve the accuracy of parameter identification,
the sampling noise needs to be filtered, the actual data collected
by the sensor is processed using the Kalman filter algorithm, and
then the preprocessed data of sensor acquisition and closed-loop
control are substituted into the mathematical analytical model.
Finally, the TRRLS algorithm is applied for curve fitting to
obtain the IGBT aging characteristic parameters.

The PCS grid-connected system simulation model, illustrated
in Fig. 1, was developed using MATLAB/Simulink software,
with the simulation parameters detailed in Table II. In the
simulation, the inductors and resistors are modeled using the
Three-Phase Series RLC Branch block in Simulink. The IGBT
is implemented by connecting an IGBT block in parallel with a
Diode block, allowing for accurate representation of the device’s
switching behavior. Key parameters such as threshold voltage
and on-state resistance can be configured to reflect the conduc-
tion characteristics of the actual device.
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Fig. 12. Diagram of TRRLS-based IGBT parameter monitoring.

Fig. 13. Comparison of measured values and Kalman filter estimates.

To simulate practical noise impact, broadband white noise was
injected into sensor signals. As shown in Fig. 13, the Kalman
filter effectively reduces measurement noise and maintains high
accuracy.

Fig. 14 compares the phase-A grid-connected current in the
PCS between the simulation model under steady-state operation
and the mathematical analytical model using the NLS-TRRLS
method. As shown, the output characteristics of the two models
are nearly identical, indicating high modeling accuracy and
validating the effectiveness of the condition monitoring method
in achieving precise identification.

Fig. 14. Comparison of current waveforms between simulation and mathe-
matical model.

Table III presents the 10 identification results of the IGBT in
the PCS. The monitoring results show that the estimated param-
eters are very close to the simulation setpoints, demonstrating
that the proposed condition monitoring algorithm can effectively
track the aging parameters of the IGBT. Although Ron and Rdon

have relatively large identification errors, their impact on the
overall ON-state voltage is small. Therefore, this larger error is
acceptable.

To clearly illustrate the distribution characteristics of the
monitored parameters, Fig. 15 utilizes a boxplot to compare the
identification results of IGBT characteristic parameters before
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TABLE III
MONITORING RESULTS OF IGBT KEY PARAMETERS

(a) (b)

(c) (d)

Fig. 15. Identifying data distribution characteristics.

and after data processing. In the boxplot, the width of the box
reflects the degree of data dispersion. The results indicate that
the identification raw data (RD) contains outliers and exhibits
significant deviations from the set values, whereas the iden-
tification with processed data (PD) is more tightly clustered
and closely aligns with the set values. This confirms that the
proposed identification algorithm demonstrates high precision
and stability.

Considering the influence of various factors in the actual
sampling process, the simulated data features verify three as-
pects of interference besides adding white noise to the data:
analog-to-digital converter quantization error, noise suscepti-
bility, and synchronization error. The algorithm’s performance
was evaluated under different test conditions. Results show
that the method achieves high parameter identification accuracy
in interference-free cases. Even with added disturbances, the
estimation errors remain low, indicating good accuracy and

TABLE IV
SYSTEM PARAMETERS

robustness. This analysis confirms that the proposed condition
monitoring algorithm has strong anti-interference capability. It
also reduces the need for large-scale, high-quality data, showing
good potential for engineering applications.

B. Experiment

To further validate the accuracy and effectiveness of the
monitoring method, a PCS experimental platform was built. The
experimental parameters were provided in Table IV, and the ex-
perimental platform was depicted in Fig. 16. In the experiment,
the parasitic resistance Ri of the filter inductor can be obtained
either through the identification algorithm proposed in this arti-
cle or by using a precision LCR meter available in the laboratory.
Due to the presence of grid impedance, the measurable voltage
on the inverter side is the point of common coupling voltage,
while the grid voltage cannot be directly measured. To address
this issue, the grid voltage information is indirectly derived using
a parallel capacitor, as illustrated in Fig. 12. By combining the
capacitor voltage with the loop voltage equation, the inductor
voltage drop is calculated. This enables the estimation of the
inductor current, which is further used to identify the IGBT
saturation voltage drop. The accuracy of the identified model is
verified by comparing the output current from the model with
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Fig. 16. Experimental platform.

Fig. 17. Waveforms of the PCS in steady state.

that of the actual system. The proposed method does not require
prior knowledge of the grid impedance and is insensitive to its
influence.

The PCS was implemented using a Danfoss converter, while
the control unit utilized a dSPACE Micro-LabBox 1202 real-
time controller. During operation, the sampling circuit captures
electrical signals and transmits them to the controller. The
dSPACE platform then converts these analog signals into digital
format and generates PWM signals in the form of optical signals
to control the switching of IGBTs, enabling closed-loop control.

The ON-state voltage of both IGBTs and antiparallel diodes
is influenced by temperature. Therefore, data must be collected
immediately after each startup of the PCS to ensure a constant
temperature is maintained. To minimize the impact of junc-
tion temperature variation on measurement accuracy, this study
uses the SMART SENSOR ST9550—a high-precision junction
temperature measurement device. The IGBT module is mea-
sured directly with the housing panel of the PCS opened. This
approach effectively improves measurement accuracy, reduces
temperature deviations during repeated tests, and enhances the
stability and repeatability of the parameter extraction results.

Fig. 17 shows the steady-state operation waveform of PCS
when they are connected to the grid. As shown, the current and
voltage are in phase, and the PCS operates at a unit power factor.

The comparison of the Kalman filter output with the sensor-
measured current and the harmonic analysis results are presented
in Fig. 18. As shown, the Kalman filter demonstrates remark-
able effectiveness in eliminating higher order harmonics, while

Fig. 18. Comparison and harmonic analysis of Kalman-filtered current and
measured current.

simultaneously suppressing low-order harmonics in the current
signal, thereby significantly enhancing identification accuracy.
It should be noted that the noise reduction effect of the Kalman
filter in this experiment is limited, and only minor differences
are observed between the signals before and after filtering. The
fast Fourier transform results presented in the article are mainly
used to visualize the time-domain waveforms before and after
filtering. The small discrepancies may be attributed to noise
introduced during the digital-to-analog converter playback and
oscilloscope sampling processes. Importantly, the data used for
parameter identification is directly extracted from the filtered
digital signal within the digital controller, without undergoing
the subsequent signal playback process. This approach avoids
the influence of additional noise on the identification results.

Fig. 19 presents a comparison of the experimental data and
the identified model for the three-phase currents iabc. From the
diagram, it can be observed that the experimental and identifi-
cation waveforms exhibit strong agreement, demonstrating the
high accuracy of the identification algorithm.

To verify the accuracy of the identification algorithm, a
high-bandwidth, passive voltage probe (Tektronix TPP0250,
250 MHz) is employed to measure the IGBT ON-state voltage.
Since the IGBT is enclosed within the PCS, the differential
probe is connected between the dc voltage input terminal and the
converter output terminal. The voltage probe has a measurement
accuracy of ±2%. To further improve measurement accuracy
during the experiment, the attenuation ratio of the voltage probe
is set to a lower range when measuring the IGBT ON-state volt-
age. When the IGBT turns ON, the voltage across its terminals
drops from high to low. Therefore, the oscilloscope trigger mode
is set to falling edge triggering. In addition, the time base and
vertical sensitivity of the oscilloscope are adjusted to enhance
waveform resolution and display detail.
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(a) (b) (c)

Fig. 19. Comparison of three-phase current data for experiment and identification model. (a) Waveforms comparison of phase A current at iabc = 15 A. (b)
Waveforms comparison of phase B current at iabc = 15 A. (c) Waveforms comparison of phase C current at iabc = 15 A.

Fig. 20. Flowchart of ON-state voltage measurement.

Fig. 21. Experiment results of the Vce of IGBT.

Considering the relatively small magnitude of the ON-state
voltage, conventional measurement methods may fail to achieve
sufficient accuracy. To address this issue, this article proposes
a high-precision measurement scheme, with the detailed pro-
cedure illustrated in Fig. 20. Prior to measurement, zero-offset
calibration is performed on the measurement equipment to ef-
fectively reduce systematic errors.

In addition, to avoid interference from the Miller plateau and
switching transients, the flat segment of the voltage waveform—
24 μs to 32 μs after turn-ON—is selected for measurement, as
shown in Fig. 21. Furthermore, statistical outlier removal is
applied to improve data stability and consistency. To mitigate

TABLE V
PARAMETER IDENTIFICATION RESULTS

the impact of noise on the monitoring performance, the average
value of 50 000 sampling points during the steady-state period
of the ON-state voltage is taken as the final measurement result.
On-state voltage values under various conduction currents are
recorded. Several specific junction temperatures are selected,
and repeated measurements are conducted to obtain ON-state
voltage data across different current and temperature conditions.

The ON-state voltage of IGBT with different collector current
can be calculated according to (8) and (9). Table V provides
the measured and identified ON-state voltage for the upper-arm
IGBTs in the PCS three-phase system with a conduction current
of 6 A. As shown, the identification error of the ON-state voltage
of IGBT is within 5%. It is proved that the method can accurately
identify the relevant parameters of ON-state voltage of IGBT, and
the accuracy of the identification method is verified. Further-
more, by comparing with the initial ON-state voltage provided
in Fig. 7, it can be seen that the operating IGBT module exhibits
a higher ON-state voltage than its value at manufacture. This
phenomenon indicates that, with the accumulation of operating
time, the IGBT module has undergone a certain degree of aging,
resulting in observable degradation of its electrical characteris-
tics. These experimental results not only validate the correlation
between IGBT aging and changes in the ON-state voltage but also
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(a) (b) (c)

Fig. 22. Waveforms of PCS under different conditions. (a) iabc = 20 A. (b) iabc = 12 A. (c) iabc = 16 A.

(a) (b) (c)

Fig. 23. Waveforms comparison of PCS under multiworking conditions. (a) Waveforms comparison of phase A current at iabc = 20 A. (b) Waveforms comparison
of phase A current at iabc = 12 A. (c) Waveforms comparison of phase A current at iabc = 16 A.

demonstrate that the proposed condition monitoring algorithm
can effectively capture the aging characteristics of the device.
This highlights the significant engineering application value of
the algorithm for assessing the health status of IGBT modules.

Since the output current of PCS is influenced by multiple
factors including the energy storage power supply, grid voltage,
control strategy, temperature, harmonics, and operation states, it
exhibits dynamic variations rather than remaining constant. To
further validate the robust parameter identification capability of
the proposed condition monitoring algorithm and demonstrate
its capability under industrial application, this article presents
identification results for grid-connected currents of 12 A, 16 A,
and 20 A.

Fig. 22 illustrates the experimental waveforms under different
IGBT collector currents. As shown in Fig. 23, the established
mathematical analytical model demonstrates excellent agree-
ment with the output characteristics of the physical converter,
highlighting the high accuracy of the identification model. This
confirms that the model can be effectively utilized for IGBT
condition monitoring.

Therefore, it is crucial to compare the identified parameters
with the tested parameters to validate both the effectiveness of
the proposed data preprocessing method and the accuracy of the
identification algorithm.

Table VI provides the average values and errors of the moni-
toring results. Analysis of these results reveals that the monitor-
ing error remains below 5%, which is within the acceptable error
range. This confirms that the proposed monitoring algorithm

TABLE VI
ANALYSIS OF MONITORING RESULTS UNDER DIFFERENT GRID-CONNECTED

CURRENTS

TABLE VII
MONITORING RESULTS OF Vce BEFORE AND AFTER TEMPERATURE CHANGES

can accurately identify the ON-state voltage of the IGBT under
various operating conditions.

To further examine the accuracy of the condition monitoring
algorithm, the ON-state voltage of the IGBT was measured at dif-
ferent temperatures with a current of 9 A. Data were collected at
the initial startup and after a period of PCS operation. As shown
in Table VII, the monitoring error is below 3%, demonstrating
the algorithm’s capability to effectively monitor the degradation
of IGBTs.
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TABLE VIII
PERFORMANCE COMPARISON OF DIFFERENT MONITORING METHODS

Fig. 24. Vce identification results under different identification times.

As shown in Fig. 24, increasing the number of repetitions can
improve accuracy to some extent, but it also significantly in-
creases computational time. Given that the IGBT aging process
in practical applications takes much longer than the identifica-
tion process, and taking into account computational resource
usage and identification accuracy, 10 repetitions provide a rea-
sonable balance between precision and efficiency. Therefore, the
authors have adopted 10 repeated identifications as the standard
approach throughout the article.

It should be noted that the condition monitoring algorithm
proposed in this article still presents a certain degree of model er-
ror in the identification results. One reason is that the established
mathematical analytical model does not account for parasitic
parameters introduced by wiring in the actual system, which may
interfere with the accuracy of IGBT ON-state voltage identifica-
tion. However, considering their relatively small magnitude and
minimal impact on the recognition of health parameter trends,
these parasitic effects are neglected in the modeling process. In
addition, the inherent randomness of the algorithm itself can also
introduce some error into the monitoring results.

C. Performance Comparison of the Proposed Method

To validate the effectiveness and superiority of the pro-
posed method, this article designs a comparative experiment.
Table VIII compares the proposed nonlinear least squares-based
approach with existing condition monitoring methods, including
PSO-based methods [27], WOA [29], and a backpropagation
neural network (BP-NN) based method [17]. These approaches
represent current state-of-the-art techniques and are selected as
benchmark solutions for a comprehensive comparative analysis.

Fig. 25. Analysis of monitoring results under different algorithms.

Fig. 26. Iterative process of different algorithms.

These methods are computed in MATLAB on a computer (In-
tel Core i5-13400 @2.5 GHz, 16-GB RAM, 64-bit system). The
test conditions are listed in the simulation column of Table VIII
and each method is repeated ten times. The comparison focuses
on computation time, accuracy, noise robustness, implementa-
tion cost. BP-NN requires a large dataset for training and must
be executed on a computer. The proposed condition monitoring
algorithm has low computational complexity, needs less data,
and runs quickly. It can be deployed on a DSP.

As shown in Fig. 25, the results indicate that the nonlinear
least squares method is less prone to becoming trapped in local
optima, resulting in lower errors. The low coefficient of variation
(CV) further suggests that the proposed condition monitoring
algorithm has the ability to escape local optima. Since opti-
mization algorithms inherently involve some randomness, the
nonlinear least squares method may occasionally fall into local
optima. However, the monitoring accuracy and CV performance
of the IGBT key parameters remain stable, demonstrating the
algorithm’s good robustness and accuracy.

Fig. 26 compares the iterative processes of the three algo-
rithms, and it can be observed that under the same number of
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Fig. 27. Workflow of the proposed IGBT monitoring method and its integration with existing control strategies.

iterations, the TRRLS algorithm achieves a smaller error and
exhibits faster convergence speed.

VI. DISCUSSIONS AND POTENTIALS

As shown in Fig. 27, the proposed IGBT monitoring method
demonstrates a certain level of integrability and is compatible
with existing control strategies such as lifetime estimation and
active fault protection. The method uses transient data, such as
dc voltage and ac-side inductor current, as inputs, which can
be directly obtained from the control feedback signals without
requiring additional hardware. This makes the approach suitable
for implementation in embedded systems. The model can be
continuously updated during operation to adapt to long-term
aging trends.

This monitoring method enables continuous extraction of
key aging-related parameters, providing essential input for both
data-driven and physics-based lifetime estimation models. It
supports real-time updates of the remaining useful lifetime
prediction under dynamic operating conditions.

Furthermore, by detecting abnormal fluctuations or degrada-
tion trends in electrical parameters in real time, the method can
serve as a trigger for active fault protection mechanisms. For
example, upon detecting a rapid increase in ON-state voltage, the
system can initiate derating, activate thermal control, or switch to
redundant modules proactively. Therefore, the proposed method
can be integrated into existing control frameworks to extend
device lifespan and enhance system reliability.

VII. CONCLUSION

In this article, a mathematical analytical model of a three-
phase two-level PCS is established, and a nonlinear least squares
based condition monitoring method for the ON-state voltage
of IGBTs is proposed. Additionally, considering the presence
of measurement noise in sensor sampling signals in practical
engineering applications, the collected data undergoes prepro-
cessing. A multisensor data fusion approach combined with
a Kalman filtering algorithm is employed to minimize data
deviations and noise interference. The correctness and effec-
tiveness of the proposed IGBT condition monitoring method

is verified through simulations and experiments under various
operating conditions. The advantages of the proposed condition
monitoring method are summarized as follows:

1) The nonlinear least squares algorithm using the trust-
region reflective method is experimentally verified to en-
sure the monitoring strategy’s accuracy.

2) Integrating the energy storage converter model with a
Kalman filter effectively mitigates the impact of sensor
sampling noise on IGBT parameter identification.

3) From an industrial application perspective, condition
monitoring can be achieved using existing sensors, with-
out additional sensors, noninvasive, and able to accurately
monitor the IGBT aging relevant parameters.

4) The proposed method enables the creation of a precise
discrete simulation model of the converter based on exper-
imental data. This model can be applied to other types of
converters, facilitating further research and development.
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