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Abstract—In this paper the influence of the voltage step on 
the turn-to-turn insulation is investigated when using silicon 
carbide (SiC)-MOSFET. As already known, the steep voltage 
gradient dv/dt by using of the modern inverter semiconductor 
devices leads to additional stress on the stator winding insulation 
system, especially the turn-to-turn insulation. The transient 
voltage distribution within the stator winding is measured to 
determine maximum stress on turn-to-turn insulation. 
Changing the values and distribution of the inter-turn 
capacitances it is possible to identify the influence of this 
parameter on the turn-to-turn insulation stress. Using the 
measurement results it is possible to define a maximum 
allowable voltage gradient in order to keep the turn-to-turn 
insulation within its specified safe operating range.  

Keywords—voltage gradient (dv/dt); insulation; SiC - MOSFET 

 

I. INTRODUCTION  

The development of new semiconductor technologies such 
as silicon carbide SiC-MOSFET inverter, requires more 
scientific insights with respect to the electric machine’s 
insulation system. The industrial application of this new 
technology is progressively increasing. Silicon carbide (SiC) 
has evolved in recent years to a promising future 
semiconductor material. The advantages are clear seen in 
industry e.g.: SiC is a wide-bandgap material, allows fast 
switching transitions, high switching frequencies and output 
voltages, but less losses. Future industrial SiC inverters are 
expected to produce output voltage changes five to ten times 
as high as current IGBT technology (in the range of 40kV/µs 
and more).However, these advanced properties also act 
accordingly to the insulation system of the connected 
electrical machine. Especially the fast voltage transition is 
causing stress on the stator winding insulation system as 
several studies show [1]-[2].  
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For the winding in electric machines, the higher switching 
speed means higher probability of partial discharge (PD) and 
thus a higher risk of insulation breakdown with significantly 
reduced lifetime. Currently it is not possible to predict 
accurately the lifetime of an insulation system, or the 
occurrence of a breakdown of the insulation. Test procedures 
like IEEE standard 1776-2008 apply a combination of thermal 
stress, vibration, humidity and electrical stress to the 
insulation, however the electrical stress is limited to low 
frequency sinusoidal supply. The test results are thus not 
applicable to predict future turn-to-turn insulation stress and 
lifetime. 

The future problem of turn-to-turn insulation in 
combination with SiC technology is thus twofold. At first, the 
higher dv/dt rates of up to 40kV/µs and even more lead to 
higher transient overvoltage between adjacent turns especially 
close to the machine terminals. In addition to that, the steeper 
grades as well as increased switching rates have also influence 
on the inception voltage of partial discharge [8]. Partial 
discharge is identified as one dominant effect leading to aging 
of insulation systems. Though insulation materials resistant to 
partial discharge are available and applied, especially in 
medium voltage machines, the occurrence and intensity of PD 
activity needs to be kept as low as possible to keep reliability 
and lifetime high.  

One additional point that needs to be considered is the fact 
that due to the aging process of the material during lifetime 
also the capacitance of the insulation system is changed. This 
change strongly depends on the material as well as 
manufacturing process used. This change of capacitance in 
turn influences the transient overvoltage distribution between 
single winding turns as will be shown, which may even further 
increase probability and intensity of PD activity thus 
progressively accelerating the destructive aging process. 

Consequently, all industrial applications where high reliability 
and long product lifetime are obligatory, need to carefully 
weigh the advantages of evolving SiC technology with the 
risks associated with the insulation systems.  
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Fig 1. Electrical scheme of drive system with parasitic components

Based on this evidence, often the admissible switching 
speed of insulation systems needs to be restricted to avoid 
increased system cost through e.g. output filters.  

The aim of this report is to investigate and understand the 
effect of a high voltage gradient (dv/dt) at the inverter output 
on the machines insulation system and resulting monitoring 
capabilities. Based on investigations on transient voltage 
distribution, current transient analyses, as well as accurate 
knowledge of the change of insulation material parameters 
during lifetime, monitoring of the stator insulation condition 
should be possible in future applications. 

II. ELECTRICAL EQUIVALENT CIRCUIT OF TRACTION 

DRIVE AND MEASUREMENT PROCEDURE 

A. Test bench setup 

The main electrical components in modern traction drives 
are the inverter, cabling and machine, which, considering the 
high frequency and transient properties, form a complex 
network of resistances, inductances and capacitances (see Fig 
1). As inverter, a voltage source inverter with SiC-MOSFET 
devices is used. Compared to today’s typically applied 
industrial inverters based on IGBT technology, the SiC-
MOSFET inverter offers the opportunity of significantly 
higher switching frequencies and faster switching operations 
[3]. Due to their faster switching transitions at the inverter 
output, which are several kV/µs higher than in case of IGBT 
technology, a steep voltage wave is generated, which causes 
an excitation of the complex system consisting of inverter, 
cable and machine. 

The excitation by the inverter switching transition results in 
voltage wave reflection and further in transient oscillations of 
voltage and current signals immediately after the switching 
transition occurred. These transients are causing stress to 
several components of the system. For instance, the insulation 
material is stressed by the reflected incoming voltage wave at 
the machine terminal, due to the wave impedance mismatch 
between cabling system and machine, acting in extreme cases 
as an open line end, cf. [4] and [5]. Additionally, if the signal 
propagation time of the wave from the inverter to the machine 
is greater than the rise time of the inverter output voltage, the 
entire voltage wave is reflected at machine terminal. Thus, a 
critical cable length can be defined and in combination with 
a defined reflection coefficient, the overvoltage at machine 
terminal can be described by (1)-(3). Propagation time tp is 
given in (1), with the quotient of the cable length lc and 
voltage wave propagation velocity vp defined by the cable 
parameters. Therefore, at a given voltage rise time tr 

determined by the inverter, a "critical length of the cabling to 
the machine" lc,crit, can be defined such that tr = 2 tp.   
 

               

(1) 

 

(2) 

 
(3) 

In the case of the test and measurement setup in this 
investigations, the critical cable length has been exceeded due 
to a cable length of lc = 10 m and a rise time of the inverter in 
a range tr < 50 ns.  

B. Measurement procedure 

The principle of the measuring process is the excitation of 
the system by a voltage step with the inverter. As depicted in 
Fig 2 the maximum dv/dt of the SiC-half bridges for turn on 
respectively turn off is about 21kV/µs. It has to be noted that 
this typically is a rather low value compared to what will be 
possible with future SiC MOSFETs. The SiC-MOSFET 
modules used, are slowed down by the gate drive but still 
deliver faster switching transitions than typical IGBT 
modules. Using emerging module devices based on advanced 
package internal wiring, dv/dt rates of up to 40kV/µs and even 
beyond seem to be possible in future being of advantage for 
further reduction of switching loss.  

 
Fig 2. Inverter output voltage transient during active switching 

transition using low gate drive resistance. 
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A dv/dt at the inverter output of 21kV/µs is multiple times 
higher than the today’s typical value of about 8kV/µs, reached 
by IGBT-based train propulsion systems. A decrease of the 
dv/dt value down to 2kV/µs is possible for the implemented 
SiC-inverter by modifying the gate drive unit, cf. Fig 3. 

 
Fig 3. Inverter output voltage transient during active switching 

transition using high gate drive resistance. 

For all further measurements in this investigation, the 
dv/dt inverter output voltage rate is defined with 21kV/µs. 
However, the influence of the parameter dv/dt respectively tr 
should be clear due to the previously discussed relationships. 
In order not to stress the insulation of the machine in addition 
to the fast dv/dt with voltage levels at rated dc-link supply, the 
investigations are performed with reduced dc-link voltage 
values. As can be seen in Fig 2 and Fig 3, the measurements 
are carried out with a dc-link voltage of 0.25 of the nominal 
value (per-unit system). With a constant factor, the 
measurements are finally recalculated to the actual values. 

Voltage and current transients are measured after step 
excitation by the inverter at a 1.4 MW induction machine with 
form-wound stator coils. The machine is a traction motor for 
railway applications and was especially manufactured with 
tapped stator windings. The stator winding consists of several 
coils per phase connected in series and each coil consists of a 
defined number of turns. The first coil, second coil and last 
coil of one phase are completely equipped with taps, which 
facilitates the measurement of the voltage at different 
locations within the coils. Due to the wye connected windings 
scheme, the neutral point is available at the last position of the 
last coil. Thus, it is possible to measure the voltage between 
different turns, between turns and neutral point, and between 
turns and the grounded machine housing to investigate the 
transient voltage distribution and its dependence on various 
parameters, e.g. inverter output voltage rate. 

Fig 4 (a) depicts the voltage overshoot at the machine 
terminal measured against the machine housing, representing 
the voltage drop across the main groundwall insulation of the 
winding system. The voltage trace denoted with 'L1-inverter' 
shows the measurement at inverter output, the trace denoted 
with 'L1-6' was measured at machine terminal and 'L1-8' and 
'L1-11' representing measurements at winding taps of the first 
coil after the machine terminal. The voltage with respect to the 
machine housing at the machine terminal 'L1-6' is higher than 
at position 'L1-11', with about 40% above the steady state 
value. Obviously, the voltage overshoot is decreasing towards 
the neutral point, which is in accordance with literature. 

For the insulation of the machine this means, that the high 
dc link voltages of traction drives require a substantial 
groundwall insulation. The highest voltage occurs over the 
main groundwall insulation at coils connected to the machine 
terminal in contrast to coils near the neutral which are 
significantly less stressed by the voltage to ground. With 
‘sufficient’ thickness of the main ground wall insulation, an 
early failure due to insulation breakdown of this insulation 
caused by aging is less probably. 

The following Fig 4 (b) depicts the voltage distribution of 
one coil and several selected turn-to-turn voltages of the same 
coil. The voltage across a coil is measured before the first turn 
and after the last turn. The steady state voltage after the 
transient oscillation has decayed is reached at about 2µs after 
the switching transition of the inverter. 

 
(a) 

 
(b) 

Fig 4. Measurement of (a) voltages at first coil close to machine 
terminal with respect to machine housing and (b) coil and turn-
to-turn voltages of the first coil of phase L1. 

In this case the stress to the turn-to-turn insulation is 
observable. The turn-to-turn insulation is most important for 
the machine design process and the manufactures of insulation 
materials. There are more restrictions at the design of the turn-
to-turn insulation, due to the geometrical design of the slots 
and conductors. With high voltage peak values and gradients 
between single turns of a coil, caused by the nonlinear voltage 
distribution at inverter-fed drives with steep voltage output 
rates, partial discharge (PD) may occur over the turn-
insulation. The turn-insulation typically consists of thin tapes. 
Therefore, presence of PDs is acting on the relatively thin 
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insulation leading to significant aging and gradually will erode 
a hole through the insulation in a relative short time during 
operation. This will happen once the thresholds of PD 
inception are exceeded. This leads to a sudden turn-to-turn 
fault and due to the high internal short circuit currents 
consequently to more and more affected parts that finally leads 
to a ground fault due local thermal overheating. 

The occurring peak voltages in Fig 6 at the beginning of 
the oscillation at every turn exceed the threshold for the 
maximum allowed turn-to-turn voltage defined by the 
insulation manufacturer. Thus, the setup with the SiC-inverter 
combined with the cable length of 10m and the selected 
machine would operate above maximum allowed values in 
case of rated dc-link voltage. In Fig 5 the influence of the 
overvoltage and the switching transition (dv/dt) is shown for a 
separated setup. The value of 0,04 in Fig 5 results from scaling 
the threshold based to the lower dc link voltage used as 
mentioned above. Thus, during the measurements taken in this 
investigation, the insulation was not stressed above the rated 
values. Otherwise, significant aging as well as destruction of 
the insulation material during the investigation was possible. 

C. Influence of switching parameters and stimulated 
changes of parasitic turn-to-turn insulation capacity 

To show the influence of inverter switching parameters on 
the turn-to-turn insulation stress, in Fig 5 the relationship 
between the overvoltage of the first coil third turn and the 
dv/dt at the inverter output is depicted. The thin and delicate 
turn-to-turn insulation has maximum allowed voltage of 0,04 
p.u.. As can be seen, the peak value of a single turn voltage is 
increased with the switching speed. In this case, the critical 
value is exceeded when applying a voltage step with a 
switching speed dv/dt value above ~13kV/µs. 

 
Fig 5. Relationship between turn-to-turn overvoltage at first coil, third 

turn and dv/dt inverter output. 

Fig 6 depicts the comparison of the turn-to-turn voltage of 
the first turn in case of the initial machine state (blue trace) 
and in case of a change of the parasitic capacitance Ct-t (red 
trace) by placing a capacitor parallel to another turn (cf. Ct-t in 
Fig 1). A capacitor was connected to the taps of the respective 
turn. The turn-to-turn voltage was measured with an active 
differential probe and recorded by use of an oscilloscope. 

Obviously, the change of the parasitic capacitance also 
influences the voltage and current transients inside the 
machine winding, in the depicted case resulting in lower 
voltage overshoot (kov). These parasitic capacitances are 
influenced by the insulation health state, cf. [6]. This in turn 
means that a change in the insulation health state, influences 
the relation between the impedance of the cable and machine 
ZC respectively ZMa. As a result, the occurring overvoltage as 
well as frequency components in the transient part will also 
change during the aging process of the insulation.  

 
Fig 6. Influence of changed parasitic capacitances on turn-to-turn 

voltages. (without change (blue); with additional capacitance 
value (red)).  

Considering the capacitance of the insulation material 
several studies confirm a reduction of the capacitance values 
especially when performing thermal stress during aging cycles 
[9], [10], [11]. Looking at Fig 6 a capacitance increase due to 
additional external capacitor is leading to a reduction of the 
transient voltage overshoot (kov). Thus a reduction of material 
capacitance during lifetime might as well increase transient 
voltage overshoot putting additional stress to the turn-to-turn 
insulation. 

 
Fig 7. Pulse voltage (blue, solid) applied to insulation material and 

resulting current capacitive current (red, dashed) to determine 
influence of pulse voltage stress. 

When looking at the stress that high dv/dt and high voltage 
levels are putting to the material, a similar trend can be 
observed. This is shown in Fig 7, which shows a sample of the 
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measured voltage applied to an insulation material (blue, solid 
trace) and the resulting current measured (red, dashed trace). 
Based on these measurements, the capacitance of the material 
can be estimated and its change traced during the repetitive 
pulse voltage stress test.  

This trend is depicted schematically in Fig 8. As can be 
seen, the material capacity decreases from its initial changes 
value as soon as significant pulse voltage stress is applied. 
This trend shows good agreement with results obtained by 
other investigations and other types of ambient stress, like 
especially thermal e.g. [12]. 

 
Fig 8. Schematic estimation of capacitance change during lifetime of 

the material, calculated during pulse voltage aging. 

To investigate the influence of the changing turn-to-turn 
insulation capacitance on the local distribution of the transient 
overvoltage, capacitor was connected to the winding taps at 
different positions. It has to be mentioned, that by connecting 
external capacitors to winding turns, parasitic capacitance can 
only be increased what is the opposite of the trend taking place 
during pulse aging and in addition also a slight change of 
inductance/resistance is introduced due to the additional 
wiring. Nevertheless the results show, what effects can be 
initiated by the aging of the insulation. 

 
Fig 9. Change of internal pulse voltage distribution (3rd turn) due to 

stimulated modification of turn-to-turn capacitance at 3rd turn. 

When comparing the results of the following Fig 9 with 
that of Fig 6 it is obvious, that by increasing turn-to-turn 
capacitances at different places along the winding, both an 
increase of the maximum transient overvoltage as well as a 
decrease can be initiated along the different turns. For the 

overall turn-to-turn insulation this means, that aging induced 
capacitance changes can lead to both a reduction as well as an 
increase of insulation stress. When considering boundary 
conditions for product lifetime estimations, one main topic is 
to limit the maximum turn-to-turn voltage well below a critical 
threshold to avoid e.g. partial discharge to develop. When 
considering the distribution of the transient overvoltage along 
the turns, it may eventually happen, that a change in the 
material capacitance, induced by various kinds of stresses (e.g. 
thermal) also lead to a significant change of a single turns 
transient overvoltage. This in turn can trigger an additional 
stress mechanism caused by partial discharge activity in the 
material leading to erosion and thus further accelerating the 
aging process. 

III. CONCLUSION 

In this paper, electrical pulse voltage stress applied to 
electric machines turn-to-turn insulation is investigated. All 
measurements in this investigation were done on form wound 
stator windings of medium voltage insulation system. It was 
shown that, based on measurement of the turn-to-turn voltage 
it is possible to define a maximum allowable dv/dt value for a 
given configuration of insulation system as well as cable 
length. Generally spoken, the qualitative conclusions drawn 
from the obtained results can be expected for other form-
wound squirrel cage induction machines with same insulation 
system and similar power/voltage rating. However, regarding 
quantitative conclusions a comparison of more machines 
within a series seems to be necessary due to the random 
distribution of the inter-turn capacitances.  

In addition it was also shown, that the distribution of 
parasitic capacitance along the winding also influences the 
maximum occurring turn-to-turn overvoltage. During lifetime 
and thermal stress a reduction of parasitic capacitance will be 
initiated which in turn may at a specific point trigger unwanted 
PD activity, further accelerating aging of the material. This 
aging induced capacitance change and its influence on the 
turn-to-turn insulation stress should thus also be considered 
when defining maximum allowable dv/dt values for specific 
applications. 
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