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Abstract 

The health status of power semiconductor devices 

in power converters is important but difficult to 

monitor. This paper analyzes the relationship 

between harmonics in inverter control variables 

and a health precursor (the on-state voltage Von of 

power semiconductor devices). Based on the 

analysis, harmonics can estimate Von without 

adding extra sensing circuits. The method is 

validated through simulations. 

Introduction 

Power electronic-based converters are used in a 

wide range of applications including electric 

vehicle powertrains, aerospace power supplies, 

distributed generation systems, etc. Besides high 

power density and efficiency, reliability is a main 

concern of power converters since it affects the 

system performance and cost. The abnormal 

states of inverters is the highest (43%) among all 

the other devices leading to 36% lost productivity 

in photovoltaic (PV) systems [1]. Power 

converters also contribute to 13% of failures over 

different subsystems and 18% of downtime in 

wind turbines [2]. 

Predictive maintenance is one of the solutions to 

improve system reliability and reduce the 

unscheduled maintenance cost. It can help to 

optimize maintenance plan for power converter 

applications based on the health status of the 

critical components, e.g., the power 

semiconductor devices [3]. Various condition 

precursors can be used to infer health status of 

power semiconductor devices, wherein the on-

state voltage (Von) is one of them. The on-state 

voltage Von has several advantages including high 

sensitivity, high accuracy, easier calibration, and 

better online measurement capability [4]. It can 

potentially indicate several types of failure 

mechanisms: bond wires lift-off/cracking, solder 

fatigue, and delamination of die attach in a power 

module [5]-[7].  

A general method to monitor the on-state voltage 

Von is through an extra sensing circuit. Extra 

devices are added to the inverter output terminal 

[5], [8], [9] or the gate driver [10]. The monitored 

devices are multiple power semiconductors in a 

half-bridge [9], [11] or in a converter [5], [8]. The 

challenges for the on-state voltage measurement 

include short measurement time, high switching 

noises, and low voltage variation caused by 

degradation. Consequently, adding extra sensing 

circuits will increase the amount of components 

as well as cost. Extra components may also 

introduce additional risk of failure to the overall 

system. 

To avoid adding extra circuits, D. Xiang et al. 

[12] and F. Yüce et al. [13], [14] exploited 

harmonics in the control variables as a precursor 

to monitor power semiconductor devices in a 

three-phase inverter. However, no general 

mathematical justification is provided, which 

limits the generalization of this method to a 

specific system. As a result, recalibration is 

repeated for different systems. Nevertheless, the 

mechanism behind the phenomenon should be 

analyzed in detail to map harmonics uniformly for 

health indication in different applications. 

Therefore, this paper investigates the mechanism 

of how the on-state voltage Von adds harmonics to 



the inverter output voltage. These harmonics 

propagate within the closed current control loop 

which means the Von can be observed from several 

variables in the control loop. This paper selects 

only one of the variables: the current controller 

output (also known as the voltage references in 

the dq frame) to monitor Von. The increment in Von 

consequently leads to an increment in voltage 

reference harmonics. Finally, the effectiveness of 

the proposed method and its limitations are 

analyzed. 

An advantage of the modelling method is this 

method avoids adding measurement circuits to 

each individual power semiconductor devices in 

a converter, which saves space and cost. 

Additionally, the method is based on a general 

mathematical model so it should be widely 

applicable without a calibration process. 

However, there are two main limitations: First, 

the Von is only one of the sources of harmonics. 

The impact of the other harmonic sources, e.g., 

deadtime, also need to be considered. Second, the 

inverter output current should be sampled with a 

high-resolution sampling circuit, with which the 

current control loop can observe the voltage error 

caused by degradation. 

This paper is organized as follows: Section I 

presents the inverter topology, control loops, and 

the on-state voltage Von characteristic. The 

mechanism of Von inducing harmonics in the 

current control loop is also introduced in this 

section. Section II presents the modelling method, 

based on which the harmonics equations are 

derived. Section III compares the modelling 

method with simulation. Performance and 

sensitivity analysis are also investigated. At the 

end, the last section summarizes this work. 

I. System Configuration and Device 

Degradation Characteristic 

A. Inverter Topology and Control Loops 

A three-phase two-level grid-connected voltage 

source inverter (VSI) as shown in Fig. 1 is 

considered in this work since it is widely used in 

various applications. The DC-Link capacitor Cbus 

and its equivalent internal series resistance RC are 

connected to a power source, e.g., PV panels or a 

front-end DC-DC conversion stage. The DC bus 

voltage vdc is converted into AC inverter output 

voltages van, vbn, and vcn with the help of power 

semiconductor devices including six IGBTs (S1-

S6) and six diodes (D1-D6). The inverter stage is 

connected to the grid vg through a filter and a grid 

impedance. The filter consists of a filter inductor 

Lg and its equivalent resistance RL. The grid 

impedance consists of inductors Ls and resistors 

Rs. 

The inverter is controlled by two controllers using 

sinusoidal pulse width modulation (SPWM) 

method. An outer bus voltage control loop uses a 

proportional integral (PI) controller to maintain 

the bus voltage vdc. The bus voltage loop provides 

a d-axis reference current i*
d to the current 

controller and sets the q-axis reference current i*
q 

to zero. The inner current loop controls the output 

currents ia, ib, and ic through changing reference 

voltages v*
dq (v*

d and v*
q) in the direct-quadrature 

dq-synchronous rotating frame as well as the 

reference voltages v*
abc (v*

a, v*
b, and v*

c) in the abc 

frame. The coordinate transformation requires a 

grid phase angle θ coming from the phase-locked 

loop (PLL). The PWM modulator provides gate 

signals vgate for IGBTs. 

 

Fig. 1: A three-phase two-level grid-connected 

inverter controlled by an outer bus voltage loop 

and an inner current loop. 

B. On-State Voltage Von Characteristic 

Power semiconductor devices in an inverter 

include IGBTs and diodes. These two 

components have an on-state voltage Von 

characteristics, as shown in Fig. 2 (a), which can 

be divided into two equivalent parts: a constant 

voltage part Von0 and a resistive part Ron, where I 

is the current flowing through the device, Von can 

be given by: 

0on on onV V R I= +                       (1) 

Previous research work have demonstrated that 

with the aging process, e.g., the on-state voltage 

Von increases under accelerated power cycling 
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tests, as illustrated in Fig. 2 (b) [4], [5], [9]. The 

end-of-life criteria Von_end-of-life for semiconductor 

devices is usually set as 5% to 20% increment of 

the initial voltage Von_initial [5]. An increased ΔRon 

can indicate package failures, e.g., bondwire 

fatigue [6] while Von0 is relatively stable within 

the whole lifetime. Therefore, this study mainly 

focuses on the effect of ΔRon on voltage reference 

harmonics. 

 
(a)                                     (b) 

Fig. 2: The on-state voltage Von characteristics: 

(a) The transfer characteristic. (b) Von increases 

in accelerated power cycling tests [4]. 

C. On-State Voltage Von Introduces 

Harmonics to the Current Loop 

In the closed current control loop, the increase in 

the on-state voltage Von adds errors (a blue dashed 

line in Fig. 3) to the inverter output voltages. The 

current controller responds to the error in the 

phase current by changing the controller outputs, 

i.e., the reference voltages v*
dq in the dq frame. 

Since v*
dq are variables within the controller, using 

v*
dq avoids adding extra measurement devices. 

Some other control variables can also monitor the 

voltage error, e.g., the reference voltages in the 

abc frame v*
abc. However, using v*

abc means 

implementing frequency analysis to three signals, 

while using v*
dq only requires two signals to be 

analyzed, which saves computation power.  

In general, the bandwidth of a grid-connected 

inverter voltage control loop fBV is lower than 100 

Hz, while the bandwidth of the current control 

loop fBI is in the range of around one to several 

kHz. Since the harmonics to be studied are in the 

range of several times of the fundamental 

frequency, which is higher than fBV but lower than 

fBI, the dynamic of the voltage control loop can be 

neglected and only the dynamic of the current 

control loop should be studied. 

 

Fig. 3: The on-state voltage Von adds errors to the 

current control loop. 

According to [15] and [16], the transfer function 

from the voltage error to the voltage reference v*
dq 

can be given as in (2). 

* ( )
( )

( )

( ) ( ) ( )

1 ( ) ( ) ( ) ( )

1
( ) , ( ) ,

1 1
( ) , ( ) ,

0.5 1 0.25 1

dq

Von

on

PI filter ADC

PWM PI filter ADC

ic
PI pc filter

g L

ADC PWM

sa sa

v s
G s

V s

G s G s G s

G s G s G s G s

K
G s K G s

s sL R

G s G s
T s T s

=

=
+

= + =
+

= =
+ +

 

(2) 

where GVon, GPI, Gfilter, GADC, and GPWM are 

transfer functions of the closed-loop errors, the PI 

current controller, the inductor filter stage, the 

ADC sampling delay, and the PWM modulator 

transport delay, respectively. Kpc and Kic are the 

proportional gain and the integral gain of the PI 

current controller, respectively. Tsa is the 

sampling time. 

Two cases of time-domain errors in phase A are 

shown in Fig. 4, in which switching transients are 

neglected for simplicity. 

• (a) The envelope of the inverter output 

voltage van is a two-level waveform, 

when the on-state voltage of all phase A 

IGBTs and diodes (S1, S2, D1, and D2) are 

zero. The upper envelope is at the bus 

voltage level vdc and the bottom level is 

zero. 

• (b) The non-ideal on-state voltage Von of 

S1, S2, D1, and D2 affects the inverter 

output voltage van. 

 

Fig. 4: On-state voltage of S1, S2, D1, and D2 

adds errors to the inverter phase A output 

voltage van. (a) No on-state voltage in phase A. 

(b) On-state voltage in phase A are non-ideal. 
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The inverter output voltage waveform is not only 

affected by parasitic parameters of power 

semiconductor devices, but also depends on 

operating parameters, i.e., the sign of gate signals 

vgate and the sign of the phase current. For 

instance, in Fig. 4 (b), S1 and D2 conduct in a half 

fundamental cycle T/2 when the phase current ia 

is positive. The on-state voltage of S1 reduces the 

upper envelope of van from vdc to vdc-Von_S1, while 

the on-state voltage of D2 reduces the bottom 

envelope of van from zero to 0-Von_D2. 

D. Assumptions in the Analysis 

It is worth notifying that this paper analyzes the 

harmonics based on two assumptions: 1) Only 

resistive load is considered so the power factor is 

one which simplifies the analysis. 2) The voltage 

drop on the filter stage does not lead to a 

significant phase shift between the inverter output 

voltage (van, vbn, vcn) and the phase current ia. 

II. Proposed Modelling Method of 

Harmonics in Control Variables v*
dq 

This section models the impact of the increased 

on-state voltage Von on the reference voltage 

harmonics both in the abc and the dq frame. More 

specifically, the resistive part Ron is studied since 

an increased Ron can potentially indicate bond 

wire fatigue. 

The modelling scenario is the on-state resistance 

ΔRon of one power semiconductor device S1 

reaches the end-of-life criteria, while on-state 

resistances of all the other power semiconductor 

devices have negligible variation. The proposed 

modelling method is also applicable for 

complicated degradation scenarios, e.g., multiple 

devices with different health statuses. A flowchart 

of the modelling method is shown in Fig. 5. 

 
Fig. 5 Flow chart of harmonic calculation based 

on the increased on-state voltage error. 

The method starts from analyzing the harmonic 

components in the voltage error in both abc- and 

dq-frame. The analyzed harmonic errors are used 

to study the controller response in both dq- and 

abc-frame. This section follows the flowchart to 

model harmonics in control variables when 

resistance ΔRon of one power semiconductor 

device S1 reaches the end-of-life criteria. 

A. Derive the Harmonics of Voltage Error 

in the abc Frame 

The increased resistance ΔRon adds errors Δvan to 

the phase A, as given in (3). The error Δvan also 

depends on the phase current magnitude Ia, the 

sign of the phase current via+, and the sign of S1 

gate signal vgate1+. 
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where, ω is the grid voltage frequency, t is time, 

θg is the phase angle of the grid voltage, k is the 

harmonic order, and md is the modulation index. 

The voltage error in phases B and C are zero 

because there are no additional resistances in 

these two phases. 

0bn cnv v∆ = ∆ =                        (4) 

B. Analyze Errors in the dq Frame 

The dq frame voltage error is defined as a column 

vector Δvdq0=[Δvd Δvq Δv0]T where Δvd, Δvq, Δv0 

are errors in the dq0 axis, respectively. Equation 

(5) derives Δvdq0 with the transformation matrix 

M and the voltage errors in the abc frame 

Δvabcn=[Δvan Δvbn Δvcn]T. The matrix M can be 

found in [17]. 
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( )0
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      (5) 

C. Controller Response 

The current controller responds to the voltage 

error in the dq frame, Δvdq0, and adds harmonics 

to the reference voltage Δv*
dq0=[Δv*

d Δv*
q Δv*

0]T as 

shown in equation (6). 

A. Harmonic analysis of the voltage error

Derive the harmonic components of the voltage error 

in the inverter output voltage in the abc frame.

B. Transform harmonics from abc to dq

Project the harmonic component from the abc to the 

dq frame to derive the errors in the dq frame. 

C. Controller response

Controller responds to harmonics within its 

bandwidth in the dq frame.

D. Transform harmonics from dq to abc

Transform the additional harmonics from the dq 

frame to the abc frame
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where, Δv*
d, Δv*

q, and Δv*
0 are additional harmonics 

in the reference voltages at the dq0 axis, 

respectively. The approximately equal sign 

means the controller can only respond to part of 

the errors within the control loop bandwidth. Δv*
0 

is zero because the zero-sequence error in 

equation (5) has no conduction path in the circuit. 

D. Controller Response in the abc Frame 

The reference voltage in the abc frame Δv*
abc = 

[Δv*
a Δv*

b Δv*
c]T is derived in (7), where M -1 is the 

inverse transformation matrix [17]. Δv*
a, Δv*

b, and 

Δv*
c are increased harmonics in the voltage 

references in the abc phase, respectively. 
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          (7) 

According to (7), the increased harmonics in 

reference voltage depend on the phase of the 

degraded component. Since degraded S1 is in 

phase A, Δv*
a is in phase with Δvan, while Δv*

b and 

Δv*
c are opposite to Δvan. 

III. Analysis and Validation 

A. Simulation Model 

To verify the equations listed in Section II, an 

inverter model is built in PLECS. Parameters of 

circuit components and control loops are listed in 

Table II. The output power is 5 kW. The initial 

phase angle θg of the phase voltage is π/2. The 

initial on-state voltage of IGBTs and diodes are 

set to Von0=0.75 V and Ron0=22.5 mΩ.  

The increased resistance ΔRon of S1 is selected to 

be 5% of the initial resistance reaching the end-

of-life criteria [5]. 

05% 1on onR R m∆ = ≈ Ω              (15) 

Table II: Parameters of the inverter model in 

PLECS. 

Parameter Symbol Value 

Output power Po 5 kW 

DC link voltage Vdc 800 V 

Grid phase voltage amplitude Vg 311 V 

Bus capacitance Cbus 600 μF 

Bus capacitor ESR RC 1 mΩ 

Filter inductance Lg 6 mH 

Filter inductor ESR RL 100 mΩ 

Grid frequency fg 50 Hz 

Switching frequency fsw 20 kHz 

Sampling frequency fsa 20 kHz 

Sampling period Tsa 50 μs 

Voltage loop PI parameters Kpv/Kiv 0.6/13 

Voltage loop bandwidth fBv 92 Hz 

Current loop PI parameters Kpc/Kic 40/500 

Current loop bandwidth fBI 1.2 kHz 

Deadtime tdeadtime 1 μs 

The initial on-state voltage 

part of all IGBTs and diodes 
Von0 0.75 V 

The initial resistive part of all 

IGBTs and diodes 
Ron0 22.5 mΩ 

Increased on-state resistance 

of S1 
ΔRon 1 mΩ 

B. Result 

Comparisons between equations and simulations 

are shown in Fig. 6. Basically, the harmonic 

distribution follows equations (3)-(7). The 

amplitudes of the harmonics reduce as the 

harmonic order increases. 

The d-axis harmonics ΔV*
d are slightly higher than 

the q-axis harmonics ΔV*
q. Since these two 

harmonics are in the range of several mV, using 

the higher harmonics ΔV*
d can have lower errors. 

The increased harmonics in phase A voltage 

reference ΔV*
a are two times of the harmonics in 

phases B and C voltage references ΔV*
b and ΔV*

c, 

because the degraded component S1 is in phase A. 

According to equation (7), the phase angles of 

ΔV*
b and ΔV*

c are opposite to the ΔV*
a. The 

harmonics vectors are shown in Fig. 7. Fig. 7 also 

shows that the total harmonics of each phase are 

the vector sum of the original harmonics (V*
a, V

*
b, 

and V*
c) and the increased harmonics (ΔV*

a, ΔV*
b, 

and ΔV*
c). Therefore, a lower level of original 

harmonics helps to identify the increased 

harmonics due to increased on-state resistances of 

power semiconductor devices.  

To further verify the model, more scenarios with 

different resistances are simulated: ΔRon varies 

between 0 and 1 mΩ with a 0.1 mΩ step size. The 

result of |ΔV*
d| and |ΔV*

q| are shown in Fig. 8. The 

simulation results (circles) are falling on the 

equation-based results (solid lines) with minor 

errors. The average relative errors of each 

harmonic order are listed in Table III. The relative 

error between equations and simulations 

increases as the frequency of the harmonics 

increases. Therefore, low-order harmonics are 

more suitable for the on-state voltage estimation. 

For instance, the relative error is around 0.44% 

using the DC-component at the d axis to estimate 



the ΔRon, which is lower than the higher-order d-

axis harmonics-based estimation errors. 

One of the reasons for the increasing error at the 

high-frequency region is that the loop gain 

reduces at higher frequencies. Fig. 9 shows the 

effect of the control loop bandwidth. It compares 

the transfer function from the voltage error Von to 

the reference voltage v*
dq and a frequency sweep 

results from simulation. The loop gains, phase 

shifts, and relative errors are listed in Table IV. 

The loop gain reduces from one to 0.77 and the 

phase shift reduces from zero to around -53° as 

the frequency increases from zero to the 24th 

order of the fundamental. The changing phase 

shift also limits the harmonic suppression 

capability because voltage errors are not fully 

cancelled. Therefore, the error increases from 0% 

to around 83% as the frequency increases from 

DC to the 24th-order harmonics. 

The sensitivity is also a main challenge in 

condition monitoring techniques since the health 

indicator only shift in a small range. Thus, the 

sensitivity of control variable harmonics to the 

increased resistance ΔRon is listed in Table V. The 

phase current amplitude Ia is normalized to 1 A 

and the modulation index md=0.775. The 

sensitivity reduces gradually as the frequency 

increases which also leads to the same conclusion 

that low-order harmonics should be used to 

monitor the health status. Table V also shows that 

the voltage harmonics in the dq frame control 

variables will increase when the phase current 

increases. 

C. Limitation 

There are two main limitations of the modelling 

method.  

• The increased resistance is only one of the 

harmonic sources. The shift in on-state 

resistance is in the level of several mΩ over 

the whole lifespan resulting in harmonic 

increments at the level lower than mV. The 

harmonics can easily be covered by the other 

harmonic sources, e.g., the grid voltage 

harmonics and the inverter current 

harmonics. Further study is needed to 

quantify the effect of other harmonics.  

• The inverter output current is sampled, 

filtered, and analog-digital converted. These 

processes should have a high resolution to 

convey the voltage errors into the current 

control loop. 

 

 
Fig. 6: Comparison of harmonics magnitude 

between equations (3)-(7) and simulation. The 

increased on-state resistance of S1 is ΔRon=1 mΩ. 

 

 
Fig. 7: Vectors of the increased harmonics in the 

abc frame. Increased harmonics in the phases B 

and C (ΔV*
b and ΔV*

c) are opposite to the 

increased harmonic in phase A (ΔV*
a). 

 

 
Fig. 8: Comparison of harmonics between 

equations (3)-(7) (solid lines) and simulations 

(circles). ΔRon of S1 varies from 0 to 1 mΩ, and 

the harmonic order k varies from 0 to 5. 
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Table III: Average relative error between 

equation (3)-(7) and simulation of V*
dq. 

Order 0 1 2 3 4 5 

Δv*
derr 

(%) 
0.44 1.27 2.29 20.24 9.00 71.49 

Δv*
qerr 

(%) 
~ 6.32 9.30 1.95 88.51 336.93 
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Fig. 9: Bode plot of transfer function from the 

voltage error Von to the voltage reference v*
dq. 

 

Table IV: Closed-loop gain of the on-state 

voltage Von to voltage reference v*
dq. 

Order 0 6 12 18 24 

|GVon| 1 0.98 0.93 0.85 0.77 

Phase (°) 0 -15 -29 -42 -53 

|Error| (%) 0 25.48 48.64 67.92 82.80 

Table V: Sensitivity of control variable 

harmonics on the ΔRon. 

Order 

Sensitivity of the 

d-axis reference 

(V/Ω) 

Sensitivity of the 

q-axis reference 

(V/Ω) 

0 0.1382 0.0000 

1 0.2383 0.1030 

2 0.1491 0.1272 

3 0.0747 0.0606 

4 0.0094 0.0125 

5 0.0101 0.0040 

6 0.0010 0.0021 

Conclusion 

This paper analyzes the mechanism of how the 

on-state voltage Von induces harmonics in the 

current control loop of a voltage source inverter. 

Since the harmonics can be observed from 

different variables in the control loop, these 

variables can be used to estimate Von and the 

equivalent resistance Ron. Using the current 

controller output voltage v*
d and v*

q has an 

advantage of monitoring three-phase components 

with only two variables. 

The on-state voltage increment is divided into two 

parts (ΔVon=ΔVon0+ΔRonI). The resistive part ΔRon 

is studied since a shifting ΔRon can indicate failure 

mechanisms, e.g., bondwire fatigue. The 

harmonics depend on the modulation index md, 

the phase current amplitude, sign of the gate 

signal, and sign of the phase current. These 

dependent variables are already used for control 

purposes so there is no need for additional sensing 

devices. 

Model performances are analyzed and compared 

with PLECS simulation. The model can predict 

the harmonic values with some limitations. When 

the frequency increases, the sensitivity reduces 

and the estimation error increases. Thus, low-

frequency harmonics are feasible to estimate 

ΔVon. ΔRon estimations based on the d-axis DC 

component have errors below 0.5%. One of the 

limitations is that the on-state voltage Von is not 

the only source of harmonics. Future study should 

focus on the effects of the other harmonics 

sources as well. Another limitation is the current 

sensor should have a high resolution to observe 

the voltage errors. 
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