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Abstract—The high-frequency switching of power 
transistors in electronic systems can be a significant source of 
electromagnetic emissions (EMI). Simple measures like 
reducing the high-frequency disturbances by introducing an 
additional gate resistor lead to an increase of the switching 
losses. This creates a conflict of interests between the reduction 
of disturbances and high system efficiency. More complex active 
gate drivers offers improved compromises between EMI and 
efficiency. Avoiding steep switching slopes, overshoots or sharp 
edges are typical measures. The whole spectrum is modified this 
way and efficiency is still affected. In many cases, only a narrow 
banded modification of the spectrum might be needed to avoid 
the excitation of critical system resonances. This can be reached 
by a target signal-oriented control of the gate of the transistors. 
In the target signal the critical RF components should be 
reduced. Maximum control of the target signal is possible with 
fully synthesized gate signals. The reduction of some harmonics 
in the switching spectrum may lead to overshoots in time 
domain due to the Gibbs phenomenon. These overshoots may 
violate the physical limits of a transistor and cannot be realized. 
In this work, a method is presented to determine the target 
signal considering all physical limits. The found approach is 
applied in simulation to the signal of the drain-source voltage of 
a boost converter to reduce the harmonics in the FM 
broadcasting range. The gate control signal is determined for 
this application. 

Keywords—power electronics, active gate driving, constraint-
satisfaction problem, electromagnetic compatibility 

I. INTRODUCTION  
Power electronic systems can be a significant source of 

electromagnetic interferences (EMI) due to the high-
frequency switching of power transistors. Different 
approaches are known to reduce these disturbances. Passive 
filters are a frequently used solution. These attenuate the 
generated disturbances. Despite their effectiveness, passive 
filters tend to be expensive, heavy and bulky. Instead of 
attenuating already generated disturbances, their creation can 
be reduced or avoided at their source of appearance. The 
switching transistors as EMI sources are controllable devices. 
Therefore, the EMI can be reduced by using appropriate gate 
drivers. 

Typically, conventional gate drivers are used to control the 
transistors. These have the task to turn the transistors on or off 
quickly and minimize the switching losses. Steep slopes 
usually create overshoots, oscillations and other high-
frequency disturbances. Slowing down the switching slope 
reduces these disturbances. This can be realized by adding an 
additional gate resistance. The switching behavior is improved 
regarding EMI, but the power losses are increased. This 

conflict between the reduction of EMI and the increase of 
power losses has to be optimized.  

Active gate drivers (AGD) use more sophisticated 
methods to control the switching behavior of the transistor. As 
a result, steep switching slopes with less oscillations and 
overshoots can be realized. Hereby, a better compromise 
between EMI and efficiency can be achieved. There are 
different approaches in AGDs to control the gate. The most 
frequently used methods are the adaption of the gate-
resistance ([1] and [2]), the adaption of the input capacitance 
[3], the adaption of the gate-current ([4] and [5]) or the 
adaption of the gate-voltage ([6] and [7]). A schematic 
illustration of these strategies is given in Fig. 1. The switching 
pattern generated by the voltage source, current source, 
variable gate-resistances or variable input capacitances are 
determined in the control unit. The determination of the 
switching pattern is divided into two steps. At first, the target 
signal (e.g. the desired drain-source voltage waveform) has to 
be determined. At the second step, the required gate control 
signal is calculated. Here, e.g., simulated annealing [8] or 
particle-swarm optimization algorithms [9] or neural networks 
[10] are used. 

 
Fig. 1:Schematics of different active gate driving strategies with (a) a 
controlled current source, (b) a controlled voltage source, (c) an 
additional variable gate resistance and (d) variable external capacitances 

To illustrate this, the time- and frequency-domain signals 
of Fig. 2 are discussed now. As an example, a trapezoidal 
switching waveform with steep slopes is considered, the 
disturbances in the FM broadcasting range exceed a given 
limit by 20 dB and have to be reduced by this value. As 
mentioned before, the reduction can be done by flattening the 
switching slope, as depicted in Fig. 2 in yellow. In this case, 
the whole spectrum of the switching waveform is influenced 
to fulfill the limits given in EMC standards, e.g., CISPR 25 
[11] in automotive. By doing so, the whole spectrum of the 
critical signal is influenced. Amplitudes of high-frequency 
signal components are reduced and the switching power losses 
are increased. Another approach is to reduce the amplitudes 
selectively only for the specific frequency range. This way 
steep switching slopes can be maintained and therefore a high 
efficiency. The resulting signal is shown in Fig. 2 in blue. The 
appropriate control signal can be found by an optimization 



method. However, another problem occurs. The Gibbs 
phenomenon causes new “oscillations” that cannot be 
generated by the strongly nonlinear power electronic system. 
So, not any arbitrarily given target signal can be realized, for 
some signals control signals do not exist. These limitations 
must be considered by the optimization strategy to find a 
control signal that respects the system’s limits. The problem 
of finding physical signals is solved by extending the 
optimization methods this way that important constraints can 
be considered.  

In this work, the target signal is given in frequency 
domain. A frequency-selective reduction of amplitudes is 
performed to satisfy EMC standards. The target signal may 
violate physical limitations using this approach. Therefore, the 
physical limitations of the switching waveform are analyzed. 
A method to adjust the target signal to meet the limitations is 
described. An arbitrary signal results that has to be generated. 
Therefore, a maximum flexible AGD is necessary. This can 
be realized by a high bandwidth signal synthesizer, e.g., an 
arbitrary waveform generator (AWG), with high power 
output. That can be achieved with a high bandwidth power 
amplifier. The system can freely generate control signals and 
is presented in [12]. With the help of optimization algorithms 
appropriate control signals can be found.  

A detailed description of this method to determine a 
physical target signal is given in section II. The application of 
this theory and the transfer to an AGD for a boost converter is 
given in section III. A conclusion and outlook close this work. 

Fig. 2: Trapezoidal signal, notched signal and signal with reduced 
switching slopes in time (left) and frequency (right) domain 

II. THEORY 
In the following, the control signal-finding problem is 

discussed for a generic switching cell as fundamental building 
block of power electronic systems. To find the signal, a 
generic description of a constraint-satisfaction-problem is 
given and applied to the switching cell. Furthermore, the 
proposed heuristic optimization algorithm to determine the 
necessary gate control signal is presented. 

A. Generic Switching Cell 
Switching transistors are the main functional component 

of power electronic systems. The building block of power 
electronic systems are the switching cells in Fig. 3. The buffer 
capacitor C is used to stabilize the voltage at these terminals. 
A half bridge with two transistors is shown in Fig. 3 on the 
left. In Fig. 3 in the middle, a switching cell consisting of a 
high side transistor and a diode in the low-side path is 
depicted. In Fig. 3 in the right, a switching cell with a diode in 
the high-side path and a low-side transistor is shown. In the 

following, the drain-source voltage  is considered as target 
signal.  

 
Fig. 3: Schematics of generic switching cells 

B. Phyiscal Limitations for the Switching Waveforms 
The controllable range of the drain-source voltage  is 

limited by the output behavior of the transistor of the 
switching cell. In the conducting state the behavior can be 
described with the drain-source resistance . If a high 
voltage is applied to the gate,  is equal to the on-resistance 

. The voltage drop  is near to zero. If the gate 
voltage is zero, the transistor is turned off. In this case, the 
drain-source voltage  is defined by the voltage between 
drain and source, i.e. the voltage of the stabilizing capacitance. 
Therefore, is limited by  and . This is 
depicted in Fig. 4 by lines. As mentioned before, the 
frequency-selective narrow-band reduction of disturbances 
may offer the potential to reduce the conflict of interests 
between EMI and efficiency, but due to Gibbs phenomenon, 
oscillations, as shown in Fig. 4, have to be generated that are 
outside of the transistors voltage range. A target signal  is 
needed that is located in the controllable range and generates 
the spectrum with frequency-selective reduced (notched) 
amplitudes. In [13], this is done by a DC-offset but this causes 
higher power losses when the transistor is conducting. The 
goal of minimal power losses cannot be reached this way. To 
solve this problem, the adaption of the spectrum is done by 
solving a constraint-satisfaction-problem in this work. 

C. Generic Description of a Constraint-Satisfaction-
Problem 
The aim of a constraint-satisfaction-problem (CSP) is to 

express a problem as a set of  variables and a set of  
constraints on these variables. In general, a CSP describes a 
combinatoric problem that is defined by a quadruplet 
(  with 

 (1) 

 (2) 

 (3) 

. (4) 

The quantity  is a set of variables. The range of the 
variables is defined by the set of domains , where  is the 
set of possible values of . The quantity  is the set of 
constraints of the variables . The permitted combinations of 
values are defined by a set of relations . Thereby, the relation 

 corresponding to is defined by the Cartesian product 
 of the domains of the  involved variables. A 

solution of a CSP is found if a value for each variable of its 
domain is found which satisfies all constraints. Search 
algorithms can be used to solve the CSP. Commonly applied 
algorithms are tree search algorithms like backtracking. [14] 
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D. Transfer of the Constraint-Satisfaction-Problem to the 
Generic Switching Cell to Find the Needed Switching 
Waveform 
In this section, the CSP theory is applied. The aim is to 

find a signal that attenuates EMI in a given frequency band 
and considers the physical limits of the observed power 
electronic system. The previously described switching cell is 
considered. The drain-source voltage is the signal to be 
optimized. An exemplary disturbing signal, , is shown in 
Fig. 4 in time and frequency domain that should be reduced 
by 20 dB in the frequency range from 76 MHz-108 MHz. As 
discussed before, the notched spectrum cannot be realized by 
the transistor circuit.  

For optimization the periodic signal is represented by a 
Fourier-series: 

 (5) 

with  and  as coefficients of the Fourier series,  as 
fundamental frequency and  as time. 

The set of variables  of the CSP are the  and  of the 
Fourier series. The constraints of this problem can be 
expressed by  

 (6) 

 (7) 

 (8) 

with  the total number of constraints. The variables 
 correspond to the  and  of the frequencies 

that should be reduced and  are the 
corresponding amplitudes to the . It is possible to 
define more constraints that have to be fulfilled by the signal. 
E.g., the amplitudes of high-frequency harmonics should not 
be influenced to avoid additional high frequency disturbances.  

As mentioned before, the CSP is usually solved by the 
application of a tree search algorithm like backtracking. The 
usage of such an algorithm may be a good choice if the set of 
domains  in Eq. (2) only contains a few discrete states. 
However, the set of domains  contains infinite states in the 
considered application. Therefore, the usage of a backtracking 
algorithm is not feasible. Thus, a modification of a constrained 
minimization problem is used. The objective function to be 
minimized is set to a constant function of zero . 
Hence, only the constraints have to be satisfied, which 
corresponds to solving a CSP. There is only a solution if all 
constraints are satisfied. The optimization problem can be 
written in general as  

 

 

 

 

(9) 

with  the  inequality constraints and  the  
equality constraints. Here, the inequality constraints are  in 
Eq. (6) and  in Eq. (7), and the equality constraints are  
in Eq. (8). The optimization problem of Eq. (9) is solved using 
an interior-point algorithm as implemented in MATLAB with 

the function “fmincon” used here. The resulting signal that 
satisfies all constraints is depicted in Fig. 4 in green. In 
addition, the constraints (6) to (8) are graphically illustrated in 
Fig. 4. 

Fig. 4: Original drain-source voltage and notched signal with and 
without violations of physical limitations 

E. Determination of the required gate control signal 
The proposed method to determine the required gate 

control signal to generate the previously calculated target 
signal of the drain-source voltage is explained in this section. 
As mentioned before, the previous approaches of active gate 
driving deal with an optimization in time domain. In this work, 
an optimization in frequency domain is performed. The gate 
control signal is represented by a Fourier series according to 
(10)  

 
(10) 

The goal of the algorithm is to find the appropriate 
coefficients ,  and  for the gate control signal to 
achieve the desired switching behavior. A heuristic search 
algorithm is used to find the right coefficients. This approach 
is similar to the optimization in [12], but here it is applied to 
the Fourier coefficients (frequency domain) and not to the 
amplitudes of step functions (time domain). By adjusting the 
Fourier coefficients, the gate control signal is varied for the 
whole switching period. If a better control signal is found, this 
signal is taken as the starting point for the next random 
variation. In each iteration, the range in which the coefficients 
of the Fourier series are randomly varied is reduced. This 
should enable the convergence of the algorithm while 
avoiding local minima. The flowchart in Fig. 5 shows the 
general procedure. At the beginning, all variables are 
initialized, and the target control signal is determined as 
described before. As a starting point for the optimization a 
trapezoidal PWM signal with the necessary duty cycle is used. 
During the variation phase, the coefficients of the Fourier 
series in (10) are modified by adding a random number  
in the range [-1,1]. On one hand, this random number is 
weighted by the factor  in the -th iteration, which is a 
decreasing series to enable the convergence of the 
optimization. On the other hand,  is weighted with the 
factor  that generates a low-pass filtering of the variables 
for the variation of the coefficients because a wide variation 
of high-order harmonics is not expected to be required. So, the 
variation of the coefficients of the Fourier series is performed 
by equation (11): 
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 (11) 

and analogously for  and . Therefore, the control 
signal to be tested is determined by 

 

 

(12) 

The test signal is applied to the amplifier that is connected to 
the gate of the transistor. The resulting drain-source voltage is 
measured. After that, the mean squared error  of the -th 
iteration between the measured signal and the target 
signal  is calculated by equation (13):  

 (13) 

If  is smaller than , the last tested coefficients  
and becomes the new  and 

 respectively. Analogous,  becomes the new . If  
is higher than  the actually tested coefficients are 
discarded. Then, the iteration counter  is increased. The 
optimization process is repeated until the maximal number of 
iterations  is reached. 

 
Fig. 5: Flowchart of the heuristic optimization algorithm to determine 
the gate control signal 

III. SIMULATORY DEMONSTRATION  
In this section, the previously described theory is applied 

to a simulation model in MATLAB/Simulink. Here, in 

particular Simscape is used. A boost converter is taken into 
consideration. Here, the goal is to reduce the amplitudes in the 
FM broadcasting range (i.e. 76 MHz-108 MHz) by 20 dB. The 
required drain-source voltage that satisfies all constraints is 
determined. The necessary gate control signal is found to 
generate the target . The results are discussed and 
compared to other approaches. 

A. Test Setup 
A boost converter is considered as the test system. The 

schematic is shown in Fig. 6. An input voltage Vin of 12 V is 
converted to an output voltage Vout of 48 V. At the input a 
buffer capacitor Cin and storage choke L are used. The 
topology of Fig. 3 with a low-side transistor and a high-side 
diode is used as the switching cell. In addition, a parasitic gate-
source Cgs, gate-drain Cgd and drain-source Cds capacitance 
and the body diode are considered. Furthermore, parasitic lead 
inductances L1 to L3 are respected. Thus, damped oscillations 
at the end of the switching slopes arise in the drain-source 
voltage, as shown in Fig. 8 in blue. A buffer capacitor Cout and 
a load resistance RL are connected to the output. In the 
following, the simplified schematic of the boost converter of 
Fig. 7 is taken into consideration. Due to the large storage 
elements (input capacitance and inductance, output 
capacitance), the circuit has a large settling time. Therefore, a 
long simulation time is needed since the boost converter is to 
be considered in steady state. By replacing the large storage 
elements, the settling time is widely reduced leading to much 
shorter simulation time. The input to the switching cell, 
marked in yellow, is modeled by a constant current source. 
The switching cell marked in blue and the gate driving circuit 
marked in green are not modified. A constant voltage source 
and a resistor model the output capacitor and the load 
resistance marked in red.  

 
Fig. 6: Schematic of a boost converter 

 
Fig. 7: Simplified schematic of a boost converter for time efficient 
simulations 

B. Goal 
The goal is a frequency-selective reduction of the 

spectrum of the drain-source voltage. A target spectrum has to 
be generated. In this example, the amplitudes in FM 
broadcasting range should be reduced by 20 dB. The 
amplitudes of the frequency range from  up to 

 are influenced. The drain-source voltage  is 
shown in Fig. 8 in blue using a trapezoidal gate control signal. 
The depicted signal is determined by simulation results. If the 
amplitudes of this signal are reduced by 20 dB in FM range, 
the yellow spectrum in Fig. 8 on the right results. As described 
before, this requirement may violate physical limitations as 
shown in Fig. 8 in yellow on the left. Therefore, a physical 



signal should be found that satisfies the emission constraints 
in the FM broadcasting range and meets all physical 
limitations. This is done by the application of solving a CSP 
on this issue. This is described in the following. 

C. Calculation of a Required Drain-Source Voltage 
Waveform 
The disturbed drain-source voltage  shown in Fig. 8 in 

blue is taken into consideration. The maximum of  is 
limited by the constant voltage in cutoff region. So,  is 
set to the value of 49.8 V in this case. The minimum of  is 
given by the minimal  and the drain current during the 
MOSFET is interconnected. In this example,  equals 
approximately . As previously described, the amplitudes 
in the FM broadcasting range should to be reduced by 20 dB 
applying a Tukey window. The yellow graph on the left of Fig. 
8 shows the results for the time-domain signal if the reduction 
of the amplitudes is performed (without considering further 
constraints). These signals violate the upper and lower limits 
of the drain-source voltage. 33 harmonics have to be 
influenced. Therefore, 66 variables of the CSP are influenced 
because of the representation by the Fourier series. The 
constants  are defined by the corresponding variables in 
the disturbed case . Considering the required reduction, 

 results. The change of amplitudes 
of high-frequency signal components is prohibited to avoid 
the increase of undesired high-frequency disturbances (this 
constraint is freely chosen). The constraints can be formulated 
in summary by 

 (14) 

 (15) 

 (16) 

 (17) 

with  as the amplitudes of the corresponding 
disturbed signal. The green graph is calculated by solving the 
CSP as described in section II.D and satisfies all constraints in 
time and frequency domain as depicted. Differences to the 
original signal appears in the physically notched switching 
spectrum in the surrounding area to the notched range to 
satisfy the physical upper and lower limit. 

Fig. 8: Original, unphysically and physically notched drain-source 
voltage 

D. Calculation of the Necessary Gate-Control Voltage 
Waveform 
The determination of the necessary gate-control signal to 

generate the previous calculated target drain-source voltage 
shown in Fig. 8 in green is performed using the heuristic 

search approach of II.E. Here, the variable  is a decreasing 
vector of  elements in the range  and 

 is a low-pass filter with a bandwidth of 60 MHz and a drop 
of -60 dB/decade. The resulting necessary gate control signal 
is shown in Fig. 9. 

E. Discussion of the Results 
The previously determined gate control signal is applied to 

the gate of the MOSFET of the investigated boost converter. 
The simulation result of the drain-source voltage is shown in 
Fig. 10 in comparison to the target . A sufficient match can 
be observed. As mentioned before, the efficiency of the 
switching slope is an important parameter of power electronic 
systems. Using conventional gate driver, the transistor is 
totally cutoff and conducting. Therefore, the power losses in 
cutoff and conduction state are minimized. The power losses 
are depicted in Fig. 12. The average power losses are 3.7 W. 
Generating the target , the average power losses are 
increased to approximately 12.1 W. The power losses of the 
notched signal are also shown in Fig. 12. It can be seen that 
the power losses in cutoff and conducting state are more 
increased because of the remaining oscillations. Therefore, the 
transistor is not totally cutoff and conducting. 

Fig. 10: Simulated and target drain-source voltage 

F. Comparison to Previous Approaches 
Commonly used approaches to satisfy EMC requirements 

of a switched transistor are the reduction of the switching 
slope of the gate control signal. This can be realized with an 
additional gate resistance, as described before. Also here, a 
reduction of 20 dB is requested in the FM range for this signal. 
To do so, the slopes of the gate control have to be reduced to 
160 ns. The simulated time and frequency domain signals of 
the drain-source voltage are shown in Fig. 11. Just like 
notching the original signal of the switched MOSFET, a 
reduction of 20 dB in FM range is reached. However, when 
looking at the power losses in Fig. 12, it can be seen that the 
switching losses increase. The average power losses are 
13.7 W. Applying the approach of notching the spectrum, the 
switching losses can be reduced by 1.6 W compared to 
lowering the switching slope, but the losses in the conducting 
and cutoff state arises, as previously described. 
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Fig. 9: Determined gate control signal 



Fig. 11: Original and notched drain-source voltage and  with reduced 
control slopes 

 

 
Fig. 12: Power losses of the original and notched signal and the 
signal with reduced control slopes 

IV. CONCLUSION AND OUTLOOK 
Power electronic systems are potential sources of 

electromagnetic disturbances. A reduction of these 
disturbances usually results in a degradation of the efficiency. 
Methods of active gate driving are used to influence the 
switching behavior of transistors to optimize this conflict of 
objectives. The aim of most of these approaches is to track a 
reference signal. In this work, a method was presented to 
frequency-selective reduce the amplitudes of a disturbed 
signal. Here, the drain-source voltage of a boost converter was 
considered as the signal to be optimized. In power electronic 
circuits, the physical limits of the drain-source voltage can be 
violated because of the Gibbs phenomenon if harmonics are 
selectively altered. Therefore, a method was described to 
determine a reference signal that satisfies all constraints. A 
constraint-satisfaction-problem is solved to handle this task. 
This approach was applied to reduce the amplitudes of the 
drain-source voltage of a boost converter in the FM 
broadcasting range by 20 dB. The average power losses are 
strongly increased using conventional methods to fulfill this 
requirement. Applying the proposed method of notching the 
spectrum, the average power losses are less increased (here by 
1.6 W, i.e. 1.1 % of the transfer power of 144 W). This offers 
a great potential for the optimization of power electronic 
systems. 

This method is the foundation to determine the reference 
signal for active gate driving if modifications of the spectrum 
are undertaken. In a future work, the approach should be 
applied to a laboratory test system of a boost converter to 

illustrate the benefits of selective frequency notching using a 
more performant AGD method. A method of active gate 
driving should be used to reduce high-frequency disturbances. 
The quality of this approaches should be validated by a 
measurement of the remaining disturbances at an artificial 
network. 
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