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Introduction

Manufacturing very high power devices, having high switching
speed capabilities has been facing technical constraints [1]. This
fact, coupled with the growing popularity of insulated gate con-
trolled devices has made the use of series/parallel connected
IGBTs and MOSFETs indispensable in high power electronic
applications (e.g. electric drives, traction, active power filters etc.)
which require high power, fast switching devices with very high
voltage or current capabilities. Over the years, several authors
have reported work on series connected IGBTs [2-11], series con-
nected MOSFETs [12], series/parallel connected IGBTs [13],
parallel connected MOSFETs [14, 15] and parallel MOSFETs and
IGBTs [16, 17].  

The main challenge with series/parallel connection of
IGBTs/MOSFETs is to ensure an equal voltage/current sharing
between series/parallel connected devices, especially during tran-
sients. Imbalance in current/voltage sharing leads to unequal
switching energies associated with the devices which, in turn,
leads to thermal asymmetry and failure [15].  Fig. 1 shows the
burnt out dices of series connected IGBTs subjected to overvoltage.
This is highly undesirable since such systems are usually very
expensive. Thus, there is a need for schemes which can ensure that
this does not happen. Further, for a given scheme, there is a need
to study the limits to which the system operation can be stretched
without compromising with its performance.  

The general approach for designing a system with enhanced
power capabilities is highlighted in Fig. 2. Several schemes have
been proposed for effective connection of these devices [1-7, 9,
11, 12, 14-17]. Each scheme has its own set of operating limits,
advantages and disadvantages. Therefore, it is necessary to go for
a control scheme which is most appropriate for a given applica-
tion. An improper selection of a control technique may result in
reduced reliability, high cost and low performance. Further, just a
proper selection of a control scheme may not be adequate, unless
the control parameters are optimized for the desired performance
and the operating limits are known.

From the preceeding paragraph it follows that while selecting a
control scheme for a given application, there is a need for the fol-
lowing:

– a procedure to determine the optimum operating limits for the
given scheme;
– a procedure for fine tuning the given scheme to make it more
robust under changing operating conditions.
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Fig. 1: Burnt-out dices of series-connected IGBTs subjected
to unequal voltage sharing leading to over-voltage failure.
[Courtesy: Microsemi Power Products Group]
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Taguchi method has been extensively used to increase the robust-
ness of several systems [18–20] under changing operating condi-
tions (e.g. input levels, currents, voltages, frequency, temperature,
ageing etc.). This method follows a statistical approach to map the
system response  to variations in control factors under the influence
of changes in other control factors and noise levels. Thus, this
approach is more relevant to an actual, practical system. The work
presented in this paper uses Taguchi approach. 
The objectives of this paper are to:

– propose a procedure for setting proper, optimum operating limits
for control schemes corresponding to series or parallel connected
power devices;
– define a procedure to make a given control scheme more robust;
– present a case study for an example control scheme.

The example control scheme considered in this work is the “cur-
rent feedback active gate control technique” applicable to series
connected IGBTs as shown in Fig. 3(a). Similar approach can be
extended to other schemes used for series/parallel connected

IGBTs/MOSFETs. Fig. 3(b) shows a parallel connected
MOSFETs scheme.

Current feedback active gate control of series

connected IGBTs

Active Gate Control (AGC) [1, 2, 3, 6, 7, 9, 17, 21] provides an
excellent solution for the problems associated with series con-
nected IGBTs. AGC involves the operation of IGBTs in active
region to control the over-voltage, whenever required. AGC may
either use the device voltage feedback or the device current feed-
back. In the voltage feedback method [9], over-voltage across the
device is sensed and the gate voltage is controlled according to the
level of over voltage, with an appropriate gain. Different methods
of voltage feedback use different approaches to determine the
value of the feedback gain. But the voltage feedback system suf-
fers from the following drawbacks:
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Fig. 2: Categorization of the available techniques for series-parallel connection of power devices 

Fig. 3: (a) Positive current feed back system [19] for series connected IGBTs (similar circuits are used across all the devices in
series) used in a class-A chopper circuit. L is stray inductance and RL is the load. This circuit was simulated in PSPICE to achieve
Taguchi method based optimization; (b) Block diagram representation of parallel connected MOSFETs using active gate control
scheme.
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– it affects the reliability of the series connected devices [9] due
to rapid rate of rise and fall of voltages across each IGBT (both
across the gate-emitter and collector-emitter);
– operation over wide range of load currents is very difficult due
to the highly nonlinear characteristics of the IGBTs;
– the control system design involves complex calculations. 

Current feedback method [21] overcomes the above mentioned
drawbacks. In this scheme, the voltage across the IGBT is con-
trolled by feeding back a voltage into the gate which is propor-
tional to the current through the device.  The method employs a
current feedback network which acts only in case of an over-
voltage across the device (IGBT) under consideration. 

Fig. 4 shows the IC (collector current) versus VGE (gate-emitter
voltage) curve for a constant value of VCE (collector-emitter voltage)
and constant temperature. The advantage of positive current 
feedback technique is that it is not susceptible to changes in 
temperature [21]. Once the feedback comes into action, the gate
voltage is controlled according to the current through the device
(IC). The current feedback network works as per the following
equation:

(1)

where the difference between the gate threshold voltage of the
device and the X-intercept of the curve used for feedback is denoted
by P, while the feedback gain is denoted by A. Thus, as the gate
voltage increases, the collector emitter voltage reduces, thereby
protecting the system. But any reduction in the collector emitter
voltage results in an increase in the device current. Hence, the sys-
tem acts as a positive feedback system. In order to avoid any insta-
bility arising due to this positive feedback, a switching network is
used which prevents the positive current feedback system from
going into instability (in physical sense, switching network does
not allow the IGBT to go into complete conduction) which may
result due to the difference between actual curve and the curve
(dotted) used for practical feedback purposes as shown in Fig. 4. 

Practically, there exists a time lag between the occurrence of over-
voltage and the time after which the feedback system comes into
complete action. Hence, there occurs an Over Voltage Spike
(OVS). Taguchi method can be used to design the system para-
meters so as to reduce the OVS. OVS is the difference between the
actual maximum voltage appearing across the device and threshold
limit setting used in the control system. The value of OVS is
dependent on many parameters such as P, A, operating current etc.
(refer to Fig. 4). Any attempt to decrease this over voltage by
adjusting the parameters would result in an increased Under-
Voltage Level (UVL) – the amount by which the voltage falls
below the threshold limit setting. UVL is a result of the delay in
the switching network’s action after the device voltage falls below
the threshold limit as a result of feedback. 

The increase in UVL across one of the devices results in an
increase of voltage levels across other IGBTs in series which are
about to turn off completely, activating their respective feedback
circuits and taking them into conduction one by one in a chain like
manner. This may result in an unstable operation. Thus, while the
risk of over-voltage results in derating of the device, under voltage
causes instability in the operation of the series connected IGBTs. 

Importance of fine tuning and optimization

In the current feed back system, a decrease in OVS may be
achieved by any of the following:

– by increasing the feedback gain (A);
– by increasing the difference between the gate threshold voltage

V V A I P V VGE GT C CE R(OV)for = + × + >( ) ( )  ( )
of the device and the X-intercept of the curve used for feedback
(P) [See Fig. 4];
– by reducing the gate resistance, RG.

One might be tempted to change the values of A, P and RG arbi-
trarily, such that OVS vanishes completely. But this will result in
a corresponding increase in UVL, which in turn affects the stabi-
lity of the system. This conflicting constraint implies there exists
a trade-off between OVS and UVL. A good compromise would be
to keep the value of ‘OVS + UVL’ as low as possible by optimi-
zing the values of A, P and RG, rather than trying to optimize OVS
and UVL individually. This is where a statistical optimization
approach, such as the Taguchi method, is needed. 

Robust design of the current feedback system

Design of experiment (DOE) using Taguchi approach is a popular
tool among the design engineers. Standard procedures have been
formulated for each of the DOE application steps [18–20]. The
main objective of Taguchi experiment design technique is to mini-
mize the variation in the output function leading to a robust
design. DOE requires the identification of the following items.

Control factors

The control factors can be:

– design parameters that directly influence system performance;
– controllable input(s) to the system.

The control factors in the design of the given current feedback
system are the feedback gain (A), Gate resistance (RG) and  P
[See Fig. 3].  The DC link voltage (VDC) is the input (control) fac-
tor.

Noise factors

These are uncontrollable, unpredictable factors enforced by the
operating environment. A given noise factor is ‘noise’ only if it
influences one or more performance parameters. In view of this,
the effects of operating environmental conditions (e.g. tempera-
ture) on the system performance should be clearly known. For the
given current feedback system, the following noise factors are
considered:
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Fig. 4: IC versus VGE curve of an IGBT for a constant VCE
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– temperature, which depends on the environmental conditions;
– the maximum operating current (ICmax), which is application
dependent.

Factor levels

It is important to consider appropriate levels (values) of the 
control and noise factors for a given application. To do this, it is
necessary to know the following:

– the range of values which these factors can assume within the
application’s legitimate operating limits;
– once the range is known, it should be applied in proper steps.
Both accuracy and feasibility should be kept in mind while choosing
the step size.

For the system considered in this work, the factor levels consi-
dered are shown in Table 1.

Interaction between factors

Another important issue is to determine the interaction levels
between the different control and noise factors. In this context, it
is desirable to know:

– Which factors are most likely to interact?  
– How many of these interactions are feasible to be considered
for analysis?

The complexity of the analysis depends on the number of factors
and their interactions considered, which in turn depends on factors
such as how many experiments is it feasible to run, how much
time is available for the same and what are the costs involved.
Accuracy is another important factor. In this work, an L18 ortho-
gonal array [refer to Table 2] has been used corresponding to eigh-
teen combinations of three control factors, with three levels each.
Depending on the number of variables involved, and practical rea-
sons, the number of experiments is minimized by discarding the
redundant cases. In our work, the number of variables is 3, with
each variable associated with 3 levels. Hence, the total number of
combinations is 27 and so many experiments should ideally be
conducted. But it is sufficient to consider only 18 combinations
(denoted by L18[19]) for the experiments as the rest can be shown
to be redundant and are not really required.  Three levels of each
noise factor are also considered and the number of noise levels

turns out to be nine  [= 3C1 × 3C1]. Similarly, three levels (250 V,
400 V, 550 V) of input DC link voltage (input factor) are consi-
dered for the analysis.        

Output function

The performance of a system is measured in terms of the parame-
ters of interest. These parameters are combined (mixed) in a suit-
able manner to form an output function. The objective of Taguchi
technique is to minimize the variation in this function. In our 
current feedback system, the output function is taken to be “OVS
+ UVL” which incorporates both stability and over voltage limit.
This has already been described above. 
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Table 1: List of the factors used along with their levels 

Factor Symbol Type Number Value of each level
of levels

A1 = 0.250,
Feedback gain (A) A Control Factor 3 A2 = 0.270,

A3 = 0.290.
B1 = 50 Ω,

Gate resistance (RG) B Control Factor 3 B2 = 100 Ω,
B3 = 150 Ω

[Gate threshold Voltage(VGT) – X C1 = 0.3 V,
intercept of the actual line used for C Control Factor 3 C2 = 0.4 V,

the feedback] = P C3 = 0.5 V.
N1 = 10 °C,

Temperature N Noise 3 N2 = 40 °C,
N3 = 60 °C.
IC1 = 10 A,

Max. on-state current IC Noise 3 IC2 = 25 A,
IC3 = 40 A.
V1 = 250 V,

DC link Voltage VDC Input 3 V2 = 400 V,
V3 = 550 V.

Fig. 5: S/N ratios computed and plotted for different control
factors

Fig. 6: IGBT collector current versus variance of the output
function
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Analytical and experimental results

Table 2 shows the array of 18 combinations used along with their
S/N ratios obtained using repeated PSPICE simulations. The cir-
cuit shown in Fig. 3(a) was simulated  with various combinations
of control and other parameters (shown in Table-2). The S/N ratio
for “Nominal-the-best” case is defined by [19]:

(2)

where µ is the mean and σ2 is the variance of the proportional
function L, given by the following expression:

(3)

Three values each of the control factors A, P and RG are consi-
dered. Fig. 5 shows the variation of S/N ratio as a function of various
control factors. Only one level of a control factor is considered at
a time, while the levels of all other control and noise factors are
varied in all possible combinations present in the orthogonal array.
From Fig. 5 it is clear that the combination of A2, B3 and C2 gives
the best results, since they correspond to maximum S/N ratios. 

Fig. 6 shows the change in the variance of L with respect to the
operating current. An abrupt increase in the variance, as the cur-
rent changes from I2 (25 A) to I3 (40 A), is noteworthy since it sug-

L
output function input V
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gests that the proposed feedback circuit would work better for the
current range 0–25 A, giving higher S/N ratios. For still better per-
formance, the circuit may be further optimized in the current
range 0 – 25A. Fig 7 shows the Gate-emitter and collector-emitter
voltages corresponding to the devices S1 and S2 when no feedback
is used. Fig. 8 shows the Gate-emitter and collector-emitter voltages
corresponding to the devices S1 and S2 when the proposed feed-
back network is used.
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Table 2: L18 along with the S/N ratios calculated for each combination of control factor levels

S.No. Control factors Noise level Output(v)= (O.V-U.V) for inputs = L S/N ratio

A RG P 250 V 400 V 550 V

N1, I1 107 101 98 100.875
N1, I2 148 159 167 160.375
N1, I3 171 178 181 177.916667
N2, I1 109 106 111 108.916667

1 1 1 1 N2, I2 148 161 161 158.291667 13.01
N2, I3 167 183 190 182.875
N3, I1 107 112 119 114.166667
N3, I2 148 157 163 157.875
N3, I3 173 187 198 189.125

2 1 1 2 9.05
3 1 2 3 13.80
4 1 2 1 17.22
5 1 3 2 19.73
6 1 3 3 17.55
7 2 1 1 11.59
8 2 1 2 18.19
9 2 2 3 18.09

10 2 2 1 18.55
11 2 3 2 19.38
12 2 3 3 17.18
13 3 1 1 11.21
14 3 1 2 17.88
15 3 2 3 18.34
16 3 2 1 17.67
17 3 3 2 18.99
18 3 3 3 17.36

Fig. 7 Gate-emitter and collector-emitter voltages 
corresponding to the devices S1 and S2 when no feedback is
used. Delay between the gating pulses = 5 µs; ON-state 
operating current ≈ 25A.
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The prototype of a buck (class A chopper) circuit [Fig. 3] was built
in the laboratory. Two IGBTs (Siemen’s BSM100GB120DN)
were connected in series to realize a high voltage switching
device. Even though the device can withstand up to 1200 V, due to
limited laboratory facilities and other practical constraints, the
experimental values were restricted to lower voltages. Two sets of
experiments were conducted - one with the optimum values cor-
responding to A2, B3 and C2 and the other with arbitrary, un-opti-
mized values. Fig. 9 shows the experimental waveforms of the top
device voltage and the corresponding gate-emitter voltage without
optimum values. Fig.10 shows the corresponding waveforms with
optimized control parameters. Agilent’s Infiniium oscilloscope
(model 54810A) was used in the experiments. A photograph of the
experimental set-up used is shown in Fig. 11. The reduction in the
value of the output function “OVS + UVL” in case of optimized
values is clearly visible. The variance with respect to the mean
value of “OVS + UVL” remains minimum over a wide range of
operating conditions, when optimized control factor values are
used.

Conclusions

Importance of a statistical optimization technique has been
demonstrated for series or parallel connected power devices. The
need for a robust design of such systems has been emphasized.
Further, the importance of setting appropriate operating limits for
a given control scheme has been highlighted. The statistical
approach, such as the Taguchi method, not only helps in realizing
a robust design but also determines the operating limits for a par-
ticular control system during the simulation stage itself – i.e.
before actual hardware implementation. This approach enhances
the life of electrical and electronic systems and is particularly use-
ful for high power systems which are very expensive. Specific
example of series connected IGBTs with active gate control using
positive current feedback has been included to demonstrate the
usefulness and relevance of the proposed idea. A similar approach
can be used for parallel/series connected MOSFETs and other
high power devices. 
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