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Use of the D-decomposition technique for gains selection of the 
Dual Active Bridge converter output voltage regulator  

 
 

Abstract. This article presents the Neimark’s D-decomposition method for a PI compensator gains selection.  The method has been used for the 
Dual Active Bridge converter output voltage regulator gains selection. The selection was basing on an experimentally identified transfer function. 
The obtained results were subjects to experimental verification. Elaborated mathematical and simulation models were also confirmed experimentally. 
 
Streszczenie. Niniejszy artykuł prezentuję zastosowanie metody D-rozbicia Neimarka podczas wyznaczania wartości wzmocnień regulatora PI. 
Metoda D-rozbicia została wykorzystana do wyznaczenia wzmocnień regulatora napięcia wyjściowego konwertera typu DAB w oparciu o jego 
eksperymentalnie zidentyfikowaną transmitancję. Uzyskane wyniki poddano weryfikacji eksperymentalnej. Zbudowany model matematyczny 
oraz symulacyjny zostały również potwierdzone na stanowisku eksperymentalnym.(Zastosowanie metody D-rozbicia do wyznaczenia 
wzmocnień regulatora napięcia wyjściowego konwertera z podwójnym mostkiem aktywnym) 
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Introduction 
 Frequently used power electronics converters are still 
somehow challenging objects to control. This is not in terms 
of the control structure selection but rather in terms of the 
controller gains selection. Gains which guarantee stability of 
the unit in predefined operation range and also satisfactory 
dynamic performance. The operation range is to be 
understood here not only as power or voltage but also as 
operating temperature or components tolerance. 
 There is a number methods available for calculation of 
the gains in the continuous and the discrete domains [1, 2]. 
Nevertheless, the methods relay on numerous 
assumptions, simplifications and conversions. This 
sometimes does not reveal look of the complete set of 
stable solutions. The set from which one can choose 
intentionally subsets guaranteeing desired dynamic 
performance at certain stability margin. To overcome such 
limitation some rather non-standard techniques are to be 
used. One of them is the D-decomposition method 
proposed by Russian mathematician Yuri Isaakovich 
Neimark in 1948 [3]. The technique is relatively easy to use 
in the era of computers and is a subject to consideration in 
this article. The method determines asymptotically stable 
region (or regions if applicable) in space of parameters 
which can be the controller gains. Additionally, with some 
modifications it takes into account constrains related to 
desired phase and gain margins, PM and GM respectively 
[4]. 
 The D-decomposition technique has been applied to 
gains selection of the Dual Active Bridge converter, DAB, 
output voltage PI regulator. The DAB topology, see Fig. 1, 
is  commonly used in the electric power conversion chains 
where bidirectional power flow is required [5]. Mathematical 
derivation of the circuit transfer function for the control 
purpose is not straight forward. The model strongly 
depends on control scheme applied [6]. Therefore for 
purpose of this research the transfer function has been 
selected basing on a frequency domain identification 
method [7]. The identification has been conducted in the 
circuit under the Phase Shift Control scheme, PSC [8].  
Obtained control results have been verified in mathematical, 
simulation and experimental ways. They are  shown in this 
article. 
 This paper is organized as follows. Initially, a general 
description of Dual Active Bridge converter as the 
identification [7] and control [9] object is shown. After that, 

principles of the D-decomposition technique basing on 
a general example, without the computational and the 
measurement delays, are given. As next, effect of the 
delays on the calculation outcomes is discussed. This is 
followed by section with guidelines how to calculate the PI 
compensator gains with the gain and phase margins taken 
into account. In next section the presented mathematical 
apparatus is validated on the way of simulation and 
experiment. At the end conclusions are placed. 
 
The DAB converter as the control object 
 The Dual Active Bridge converter, see Fig. 1, has been 
used as the control object. Its output voltage, ݒୈ୅୆,୭୳୲, was 
controlled by means of a PI compensator. 
 The DAB converter consists of two H-bridge inverters. 
One on the primary side, dealing with the input Voltage, 
 ୈ୅୆,୧୬, and one on the secondary side, dealing with theݒ
 ୈ୅୆,୭୳୲, of a medium frequency transformer. The circuit hasݒ
been chosen as a control object due to its popularity in the 
world of electric power processing. The popularity is driven 
by offered by the circuit features such as galvanic isolation 
by means of medium (or high) frequency transformer and 
bidirectional power flow control [5].  This makes it a good 
candidate to power electronics solutions used in energy 
storage systems [10], DC microgrids [11], aircraft 
applications [12] and many more. For purpose of this 
research a basic control method called Phase Shift 
Modulation  [13, 14], PSM,  has been used. It relies on fixed 
(set to 50%) duty cycle of the input and output H-bridges, 
 ୭୳୲ = 0,5. In such case the power transfer isܦ = ୧୬ܦ
controlled by means of phase shift, φ, in time between the 
input and output H-bridges. The phase varies in range  -/2 
to +/2 depending on transferred power level and direction. 
The basic control scheme may call for extension in order to 
compensate the dc-bias inductor current, especially when 
low on-state resistance MOSFET switches are used [9]. 
 The test circuit used in this research relied on the basic 
control scheme and architecture with IGBT switches driven 
by PWM signal at frequency ௦݂ ൌ 16 kHz. The rated input 
and output voltages were ୈܸ୅୆,୧୬

୰୲ୢ = 60 V and ୈܸ୅୆,୭୳୲
୰୲ୢ = 30 V. 

More details about the circuit can be found in Table 1. 
Example experimentally recorded gate drive signals, 
inductor currents and voltages at different φ can be seen in 
Fig. 2. 
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Principles of the D-decomposition method 
 The method is also called the D-partition. Generally 
speaking, it establishes direct correlation between  the 
characteristic equation phase and gain, and the space of 
permissible parameters for which the stability condition 
is met. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. General circuit diagram of the Dual Active Bridge converter 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Experimental visualization of the Phase Shift Modulation, 
PSM, control principle at three different phase shifts, ߮: a) the gate 
drive signals of IGBT, b) the L inductance current, c) voltage across 
the L inductance 
 
 While considering ݊th-order characteristic equation, it is 
possible to signify a parametric surface ܦሺ݈, ݎ ൌ ݊ െ ݈ሻ, 
where ݈ and ݎ stand for number of the characteristic 
equation roots in the left and right half-plane respectively. If 
݈	 ൌ 	݊ then there is no roots in the right half-plane, ݎ ൌ 0. In 
such condition the designated surface ܦሺ݈ ൌ ݊, 0ሻ indicates 
stable region [3]. In order to calculate boundary of the 
stable region, it is necessary to substitute ݏ	 ൌ 	݆߱ in the 
characteristic equation, where ߱ ൌ  is a real number in ݂	ߨ	2
range െ∞ ൏ ߱ ൏ ൅∞	. As next, the equation must be  
equated to zero. In fact, the real and imaginary parts are 
equated to zero. Solution of these equations leads to 
dependencies describing parametric hypersurface which 
precisely designates a boundary in the D surface. In this 
case, when ݎ ൌ 0, it is the stability boundary. 
 Once the stability boundary is known, it is necessary to 
find out which side is the stable area. This can be done 
using the original Neimark’s guidelines [3]. For a single 
parameter it basically says that, while drawing the boundary 
of the parametric hypersurface (by changing frequency in 
direction from െ∞ to ൅∞) then the left-hand side of the 
boundary is the stable region. It is the whole asymptotic 
stability region. For two changing (or tuneable) parameters 
(݉ ൌ 2) additional boundary is needed. It can be achieved 
by introducing a ∆ܦ଴ (݉െ 2)-dimensional hyperplane [3]. 
The ∆ܦ଴ hyperplane is related to the characteristic equation 
having a real zero at the origin of the ݏ-plane (ݏ ൌ 0). 
Solving such relation leads to indication of complementary 
criterion for the second parameter region. 
If particular gain margin, GM, and phase margin, PM, are to 
be applied then additional dedicated boundary must be 
found inside of the asymptotic stability region. It can be 

realized with the Shenton and Shafiei guidelines [15]. To do 
so, it is necessary to equate the characteristic equation to a 
complex number representing desired GM and PM, this 
instead of equating it to zero. In such case the formulated 
equation is called “relative characteristic equation”, RCE, 
[15]. 
 As an example, consider classical control structure in 
shown in Fig. 3.  
 
 
 
 
 
 

 
Fig. 3. Block diagram of an ideal closed-loop control structure,  
without signal transport and/or computational delays  
 
 The closed-loop transfer function of such system can be 
written in the Laplace domain as following: 

(1) CL

( ) ( ) ( )
( )

( ) 1 ( ) ( )

Y s C s P s
G s

R s C s P s
 


   

where: ܥሺݏሻ - the regulator transfer function; ܲሺݏሻ – 
controlled plant transfer function; ܴሺݏሻ - reference signal, 
 ሻ  - the plantݏሻ – control signal; ܻሺݏሻ – the error, ܷሺݏሺܧ
output. One should notice, that the 1 ൅ ሻݏሻܲሺݏሺܥ ൌ 0 
represents the characteristic equation. The ܥሺݏሻܲሺݏሻ part 
stands for the open loop transfer function, ܩ୓୐ሺݏሻ. Assume 
the plant transfer function as: 

(2) 
o

( )
( )

( ) 1

Y s K
P s

U s sT
 


   

where: ܭ is the steady state plant gain, and ௢ܶ is the plant 
time constant. The PI compensator transfer function can be 
written in form of: 

(3) I
P( )

K
C s K

s
     

where ܭ୔ and ୍ܭ are the proportional and integral gains 
respectively. In such case the equation (1) can be rewritten: 

(4)    
P I

CL 2
o P I

( )

1

K sK K
G s

s T s K K K K




  
   

where the denominator is the characteristic equation with 
the -1 comprised inside. 
 The characteristic equation in general form, in the 
frequency domain, ݏ ൌ ݆߱, can be written as a function with 
three arguments: 

(5)  OL P I, , 1 0G j K K      

or it can be rewritten in the well-recognised form used in the 
Nyquist plot analysis:  

(6)  OL P I, , 1 0G j K K j       

where the െ1 ൅ ݆0	 instead of െ1 is written only to 
emphasize that the imaginary part exists but is equal to 
zero. Due to that the equation (6) can be split as following: 

(7)  OL P I, , 1G j K K     e    

(8)  OL P I, , 0G j K K    m    

  Solving the (7) and (8) for the  ܭ୔ and ୍ܭ leads to: 
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(9) P

1
K

K
     

(10)  
2

o
I

T
K

K


     

 The equations (9) and (10) are describing the 
parametric hypersurface designating the stability boundary 
on the D surface. Plot of the equations with frequency as 
a parameter changing from െ∞ through 0 to ൅∞ can be 
seen in Fig. 4. One can see that the left-hand side of the 
boundary, while moving with ߱  from െ∞ to 0, is the stable 
region. For the two parameters such boundary must be 
complemented by one more boundary driven by the ∆ܦ଴ 
hyperplane. As mentioned before, it can be designated by 
comparison of the characteristic equation to 0 at the origin 
of the ݏ-plane  
ݏ) ൌ 0). Basing on (4) it can be written: 

(11) 0 I 0D K K      

 The equations (9)..(11) are completely describing the 
parametric hypersurface designating the stability boundary 
on the D surface. 
 The three selected points in Fig. 4 at frequencies ߱ଵ..ଷ 
are located  exactly on the stability boundary as it can be 
also seen in corresponding Nyquist characteristics shown in  
Fig. 5. The three characteristics cross the ሺെ1, ݆0ሻ point as 
expected while the gains are at the stability boundary. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Example of calculated global stability boundary of an ideal 
control structure shown in Fig. 3. It is calculated  using the D-
decomposition technique. The three points represent possible sets 
of ܭ୔ and ୍ܭ at different values of pulsation ߱	߳	ሼ߱ଵ,߱ଶ, ߱ଷሽ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. The Nyquist plot for the three ߱	߳	ሼ߱ଵ,߱ଶ, ߱ଷሽ from Fig. 4 
 
 

D-decomposition technique for control structure 
with time delays 
 When it comes to the reality the control system model 
shown in Fig. 3 must be extended at least by time delays 
related to PWM effect, ߬୔୛୑ ൌ  and ,ݏ	1/16000
miscellaneous signal conversion delays, ߬୅ଶୈ ൌ  ,ݏ	1/16000
see Fig. 6. 
 
 
 
 
 
 
 
 
 
Fig. 6. Block diagram of closed loop control structure with the PWM 
and A2D delays 
 
 In such case the closed loop transfer function becomes: 

(12) 
PWM

PWM A2DCL ( )

( ) ( )
( )

1 ( ) ( )

s

s

C s e P s
G s

C s e P s



 



 


   

 Following the same procedure as above, the PK and IK  

are now becoming functions of  : 

(13) 
   

 

PWM A2D
P

o PWM A2D

cos ( )

sin ( )

K
K

T

K

  


   

 





   

(14) 

   

 

o PWM A2D
I

PWM A2D

cos ( )

sin ( )

T
K

K

K

   
 

  


 


 

 


   

 The equations (13) and (14) together with the (11) 
indicate new stable region for the gains as shown in Fig. 7. 
It can be seen that the delays have significant impact on the 
stable region. Now it is limited from the top when compared 
to the results from Fig. 4. In this case the three example 
points have different ܭ୔ too. Corresponding Nyquist plot can 
be seen in Fig. 8. The characteristics confirm that the gain 
points are at the edge of stability.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Global stability boundary calculated using the D-
decomposition technique. Inside is the stable region of controller 
gains ܭ୔ and ୍ܭ. The three example points are for different values 
of pulsation	߱	߳	ሼ߱ଵ, ߱ଶ,߱ଷሽ 
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Fig. 8. The Nyquist plot for system with time delays as in Fig. 6. 
Three sets of gains ܭ௉ and ܭூare shown for the same pulsation 
߱	߳	ሼ߱ଵ,߱ଶ, ߱ଷሽ as in Fig. 7 
 
The gain and phase margins combined with the 
D-decomposition technique 
 For practical reasons certain gain and phase margins, 
GM and PM, must be guaranteed in every control structure 
[4]. This can be achieved with the D-decomposition 
technique too [15]. The equation (6) must be now extended 
by a part allowing incorporation of additional limits. To do 
so, the point ሺെ1, ݆0ሻ must be shifted into a different location 
on the unity circle of the Nyquist plot. The new location 
must reflect desired GM at corresponding PM (or vice 
versa) in the polar plane [16]. It can be written in 
generalized form as following: 

(15)  OL P I, ,G j K K a jb      

where ܽ ൅ ݆ܾ stand for coordinates of an arbitrary point in 
the polar plane. 
 The relation between the PM and GM in graphical form 
can be seen in Fig. 9. The Fig. 9a concerns the GM 
representation in terms of the real and imaginary parts of 
the complex number. Taking into account that the GM is 
expressed in decibels, dB, it can be written:  

(16) 
 GM

20
GM

GM

10

0.

a

b


 


   

 If the PM in radians, ݀ܽݎ , is considered, see Fig. 9b, the 
real and imaginary parts become: 

(17) PM

PM

cos(PM )

sin(PM )

a

b




 
 

   

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Graphical representation of: a) the Gain Margin, GM, and  b) 
the Phase Margin, PM, in the Nyquist plot. They can be 
represented by complex numbers ݖୋ୑ ൌ ܽୋ୑ ൅ ݆ܾୋ୑ and ݖ୔୑ ൌ
ܽ୔୑ ൅ ݆ܾ୔୑ corresponding to certain the GM and PM respectively  
 

 Basing on equations (15) and (16) the ܭ୔ and ୍ܭ gains 
for required GM can be written as following: 

(18) 

   

 

GM PWM A2D20
P

o PWM A2D

cos ( )
,GM 10

sin ( )

K
K

T

K

  


   

  
 


 

 


   

 

(19) 
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GM o PWM A2D20
I
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,GM 10
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T
K

K

K

   
 
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 
 


 

 
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 Similarly, basing on (15) and (17), from the PM the ܭ୔ 
and ୍ܭ become: 

(20) 
   

 

PWM A2D
P

o PWM A2D

cos PM ( )
,PM

sin PM ( )

K
K

T

K

  

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  


 


   

(21) 
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o PWM A2D
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T
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K

K

   
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 
 


  

 
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 Visualizing plots corresponding to equations (18)..(21) 
together with (13), (14) and (11) can be seen  in Fig. 10. 
The cross point of the gains functions (depending on the ߱, 
GM and PM) stands for desired GM and PM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. The Global stability boundary for control system with time 
delays as shown in Fig. 6, together with stability boundary for the 
 curves indicates ܯܩ and ܯܲ The intersection of the .ܯܩ and ܯܲ
the requested margins 
 
Experimental and simulation results for the DAB 
converter 
 The equations (11) and (18)..(21) can be used to 
indicate the proportional and integral gains in combination 
with a plant transfer function in form of (2).  In case of the 
DAB converter such control-to-output transfer function can 
be found by means of an identification [7]. For purpose of 
this research it was estimated as ୈܲ୅୆

ୣ୶୮,ୣୱ୲,ୡଶ୭ሺݏሻ	 basing on 

laboratory measurement, ୈܲ୅୆
ୣ୶୮,୫,ୡଶ୭ሺݏሻ, of the Bode 

characteristics shown in Fig. 11. The gain and phase were 
measured in frequency range of 0,1 Hz to 4 kHz.  
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(22) exp ,est,c2o
DAB

46,4
( )

0,021 1
P s

s



  

 The estimated transfer function was further verified by 
comparison of its step response with responses from the 
experimental circuit and detailed simulation model built in 
Simulink, see Fig. 12. Obtained results confirm correctness 
of the estimation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. The Bode plots of control-to-output transfer function basing 
on experimentally measured data points, ୈܲ୅୆

ୣ୶୮,୫,ୡଶ୭, and estimated 

equation (22), ୈܲ୅୆
ୣ୶୮,ୣୱ୲,ୡଶ୭. The measurements were done at the 

converter rated power 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. Step responses of (control-to-output) DAB converter output 
voltages: experimentally measured, ݒୈ୅୆

ୣ୶୮,୫, mathematically 
calculated, ݒୈ୅୆

୫ୟ୲,ୡ, and simulated,	ݒୈ୅୆
ୱ୧୫,୫. Measured at the phase 

shift reference step command of ߮ = 0,646 rad, with 16 kHz 
sampling rate 
 

 In next step the ୈܲ୅୆
ୣ୶୮,ୣୱ୲,ୡଶ୭ሺݏሻ was used for the ܭ୔ and 

 .80⁰ = ܯܲ dB and 40 = ܯܩ gains selection – this with the ୍ܭ
The ܭ୔ = 0,04 rad/V and 4,6 = ୍ܭ rad/V·s were selected. 
Results according to the closed loop control structure from 
Fig. 6 can be seen in Fig. 13. The results are for changing 
reference of the output voltage, ୈܸ୅୆,୭୳୲

୰ୣ୤ , at the rated load of 

100 W. Initially the ୈܸ୅୆,୭୳୲
୰ୣ୤  changed from 20 V to ୈܸ୅୆,୭୳୲

୰୲ୢ  = 

30 V. Later the ୈܸ୅୆,୭୳୲
୰ୣ୤  varied within the ±10 % voltage 

tolerance envelope. Obtained results confirm usefulness of 
the D-decomposition method in selection if the compensator 
gains. The results from simulation and mathematical 
modelling are not exactly the same as experimental results 
but within acceptable tolerance. It is mainly a matter of 
compromise on the circuit parasitic components not 
reflected in modelling. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13. The DAB converter output voltage, ݒୈ୅୆,୭୳୲, regulation 
results (experimental, simulation and mathematical) with closed 
loop control structure shown in Fig. 6. The results have been 
recorded at the output rated power ୈܲ୅୆,୭୳୲

୰୲ୢ  = 100 W and switching 
frequency of 16 kHz. The ܭ୔ = 0,04 rad/V and 4,6 = ୍ܭ rad/V·s were 
selected basing on the identified transfer function (22) and the 
D-decomposition technique 
 
Conclusion/Summary 
 The Neimark’s D-decomposition technique has been 
recalled to select the DAB converter output voltage 
compensator gains. The D-decomposition has been applied 
in conjunction with experimentally identified control-to-
output converter transfer function. 
 Obtained experimental, simulation and mathematical 
results have proven that such approach can guarantee 
relatively easy selection of control settings in advanced 
power electronics equipment. 
 Further research will be carried on the control object 
parameters variation in presence of selected control 
parameters. 
 
Tables 
Table 1. Parameters of the DAB circuit 
Parameter Name Value 
Input rated voltage, ୈܸ୅୆,୧୬

୰୲ୢ  60 VDC 

Output rated voltage, ୈܸ୅୆,୭୳୲
୰୲ୢ  30 VDC 

Output rated power, ୈܲ୅୆,୭୳୲
୰୲ୢ    100 W 

Output voltage tolerance, ୈܸ୅୆,୭୳୲
୲୭୪  ±10 % 

Converter inductance, 140 ܮ µH 
Input capacitance, ܥ୧୬ 4 mF 
Output capacitance, ܥ୭୳୲ 4 mF 
Transformer turn ratio, ݊ 2 
Switching frequency, ୱ݂ 6	kHz 16 kHz  
Assumed efficiency, ߟୈ୅୆ 80 % 
Gate drive dead time, ܶୢ ୲ 1µs 
 
Table 2. The DAB output voltage regulator gains  
Parameter Name Value 
Proportional gain, ܭ୔  0,04 rad/V 
Integral gain, 4,6 ୍ܭ rad/V·s 
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