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Abstract- This paper addresses the decoupling control design for 

the cascaded power electronic transformer (PET) in input-series-

output-parallel connection. Due to the coupling and interaction 

between the sub-modules and between sub-stages, in essence it is a 

complex nonlinear system. A nonlinear control strategy based on 

feedback exact linearization (FEL) is developed to decouple all the 

control objectives so as to realize the dc-link and output voltages 

fast stabilizing and the submodule balancing without coupling and 

interactions. Based on the separation of the ac current time-scale 

and dc voltage time-scale, the FEL control law is derived, and the 

specific tuning process of control parameters are given for desired 

control bandwidths. Taken the dynamic influences of the current-

loop, filter, and delay into account, further analyses are made and 

compared with a DAB balancing control-based strategy to show 

the improvement on decoupling effect and dynamic performance 

of the proposed control. Finally, the simulation and experimental 

results verify the theoretical analysis, which exhibit better 

dynamic features and minimal coupling effect under the condition 

of bidirectional power changes and parameter inconsistency and 

uncertainty. 

Index Terms- Cascaded power electronic transformer; dc-link 

interaction; balancing control; feedback exact linearization; dual 

time-scale; decoupling control. 

 

I.  INTRODUCTION 

 

Driven by the demands of intelligence, compatibility, energy 

saving, environmental protection, and high-power density for 

electrical equipment in the innovative power systems, the 

power electronic transformer (PET), also known as the solid-

state transformer (SST), has gained extensive attention and 

developed rapidly. One of the mainstream topologies of PET in 

high-voltage high-power field is the modular cascaded topology 

[1-3] which is based on the input-series-output-parallel (ISOP) 

connection of cascaded H-bridge (CHB) and dual active bridges 

(DAB).  

The cascaded PET possesses many attractive features such as 

low harmonic, flexible voltage and bidirectional power control, 

multi-available ac/dc ports, and extendibility with 

modularization [4, 5], etc. However, higher requirements are 

put forward for the control strategies of cascaded PET due to its 

multistage and modular configuration. To provide excellent 

interface functions, a fast and accurate regulation of the PET 

port voltage, current, and bi-directional power in real time 

should be ensured. Considering the multi-stage conversion 

interaction and imbalance problem inherent in the modular 

structure, great efforts should be made for the control of dc-link 

voltage fast stabilizing and sub-module voltage /current 

balancing [6,7]. In previous researches on the multi control 

objectives of cascaded PET, the CHB and DAB stages are 

usually controlled separately. The grid current and total dc-link 

voltage are controlled by the dual control loops of CHB 

converter, while the dc output voltage is regulated by DAB 

stage. In this control frame, much work on balancing control 

has been done. A CHB PWM duty-cycle based voltage 

balancing strategy was proposed in [8]. Due to the limitations 

of the modulation index, the ability of CHB to deal with 

unbalanced power is limited, so separate power balance control 

had to be added to the DAB stage while the DAB currents 

needed to be measured by more current sensors. Although a 

current sensor-less power balance control was employed in [9], 

it still suffered from the complexity of many power sharing 

controllers. In the methods above, the change of the CHB PWM 

duty-cycle will lead to the degradation of the ac side current. 

Therefore, many researchers are inclined to adopt the DAB 

phase shift modification-based voltage balancing control [10, 

11], and the CHB adopts common duty ratio so that the DC-DC 

stage can be equivalent to an ISOP topology. In this case, the 

power sharing among modules is naturally attained, so the 

system complexity can be reduced and the ac side harmonic 

deterioration can be avoided. For the CHB rectifier, in [12], a 

control algorithm was proposed to eliminate the coupling effect 

between the balancing control loops and original system control. 

Nonetheless, the above researches did not pay much attention 

to the nonlinearity and coupling between converters, which may 

deteriorate the dynamic performance and stability under large 

load step variations common in PET applications.  

For the front and rear cascaded system with multi-converters, 

the load feedforward [13] and positive feedforward [14] 

methods can be applied to improve the dynamic responses and 

stability. Similarly, a crossing-feedforward power-voltage 

sharing controller for the DAB-inverter circuit was proposed in 

[15], and its stability mechanism based on impedance 

interaction was explained further in [16]. A linear quadratic 

regulator was presented to control PET as whole to improve the 

dynamic performance in [17]. All these methods are instructive 

to reducing the detrimental interaction and improving dynamics 

for cascaded converters, although they do not aim at the 
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modular ISOP-PET and were limited in the analysis from the 

small signal perspective. Various nonlinear methods have been 

proved effective in improving the dynamic characteristics and 

ensuring global stability for the ac-ac SST systems, such as the 

Lyapunov direct stability control [18], the model predictive 

control [19], the sliding mode control (SMC) [20], and the 

feedback linearization-based control [21]. But these studies 

mainly focused on the rectifier-inverter SST topology based on 

two-level voltage source converters (VSC), few involved the 

dynamics and control of multiple DAB modules in a modular 

SST.  

With the development of differential geometry theory, the 

nonlinear control strategy based on the feedback exact 

linearization (FEL) becomes an attractive tool for the study of 

nonlinear systems. One can often find a feedback law to 

linearize and decouple the multi-input multi-output (MIMO) 

nonlinear systems, and then a systematic procedure to develop 

control laws can be provided. It has been widely applied in DC-

DC converters [22], three-phase PWM rectifiers [23, 24], active 

power filters [25], maximum power point tracking of 

photovoltaic systems [26]. Reference [27] proposed a FEL 

based nonlinear control for a modular multilevel converter 

(MMC); Reference [28] presented an application of the FEL 

technique on the stationary-frame PR grid current control for a 

CHB rectifier; while References [29] utilize the feedback 

linearization method for a two-level VSC based AC-AC SST to 

achieve global asymptotic stability. Both the topologies and 

control objectives of these references are different compared 

with the cascaded PET, thus the nonlinear state function models 

and design process of feedback linearization are different from 

that of this paper. For the cascaded PET with many H bridges 

and DABs in ISOP connection in this paper, the nonlinearity 

not only manifests itself in the variables in one converter, but 

also exists in the coupling effect between the cascaded stages 

and modules. Thus, the nonlinear multi-objective decoupling 

control of cascaded PET using FEL technique needs to be 

investigated. 

The main content of the study can be described as follows:  

1) The strategy enables the decoupling linear control design 

for all the control objectives, including the dc-link and output 

voltages fast stabilizing and the submodule balancing without 

coupling and interactions.  

2) To simplify the nonlinear control derivations, the FEL 

strategy are based on two time-scale separation of the PET 

model. First, the FEL control of the ac current is developed, and 

then the MIMO affine nonlinear model in the dc voltage time-

scale is obtained, and its FEL control law is put forward. 

3) Through FEL, all the current and voltage loops can be 

reduced to a typical second-order system, based on which the 

desired control bandwidths and damping ratios for the high and 

low dc bus voltages are easily obtained, irrelevant to outside 

conditions. This can provide an output features-tailored 

advantage for the PET in smart grid application. 

4) Considering the dynamics of the current loop, control 

delay, and filter that are ignored in the FEL derivation of the 

voltage time-scale, further theoretical analysis of the 

decoupling effect and dynamic performance is made, in 

comparison to a previously proposed method. Finally, 

simulation and experiments provide the validation under 

bidirectional power variations and parametric uncertainty.  
  

II. MATHEMATICAL MODEL OF CASCADED PET  
 

The topology of the cascaded PET is shown in Fig. 1. It 

includes a CHB rectifier and N output-parallel DAB modules. 

Ls is the input inductor; C1 and C2 are the dc-link and output 

capacitors; vs and is are the grid voltage and current; vai and vdci 

are the ac and dc-link voltages of CHB, and the subscript 

i=1,…,N, indicating the module numbers; vo and io are the 

output dc voltage and current. In the specific unit circuit shown 

in Fig. 1(b), idci and i1i are the input/output currents of the dc-

link capacitors; i2i and ioi are input/output currents of the output 

capacitors; Lt and nt are the storage inductance and turns ratio 

of the high frequency transformer (HFT). 
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Fig.1 Topology of cascaded PET (a) overall configuration (b) detailed 

circuit of the sub-module 

To simplify the sinusoidal tracking of ac current into a set-

point reference regulation problem, the synchronous d-q frame 

is applied. In order to achieve single-phase d-q transformation, 

a virtual model orthogonal to the real CHB is built, described 

as the second equation in (1), while the first is the real one:  

s s s
s s dc

1s s s

sm m
m m dc

1s s s

1

1

N

i
i

N

i
i

di r v
i d v

dt L L L

rdi v
i d v

dt L L L

=

=


= − + −



 = − + −






                (1) 

Where, vm is the virtual grid voltage that lags behind the real 

voltage vs by 90°; dm is the virtual duty cycle that generated by 

the controller, and im is the virtual ac current output by the 

virtual model [30].  

Applying the single-phase d-q transformation [6] to equation 

(1) yields the current dynamics in the d-q axis: 
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d
d s d s q d dc

1s

q

q s q s d q dc
1s

1
( )

1
( )

N

i
i

N

i
i

di
v r i L i d v

dt L

di
v r i L i d v

dt L





=

=


= − + −



 = − − −







          (2) 

where vd, vq, id, iq, dd and dq are respectively the ac voltages, grid 

currents, and duty ratios in the d-q axis. 

For the DAB modeling, applying the single phase-shift 

control, its average input and output current dynamics under 

bidirectional power operation are as follows [10]: 

hs t o
1

t

hs t dc
2

t

(1 )

, 1, ,

(1 )

i i i

i
i i i

T n v
i D D

L
i N

T n v
i D D

L


= −

=
 = −


       (3) 

where, Di is the phase shift ratio between the primary and 

secondary sides of DAB and Ths is half of a switching period. 

According to Fig.1 and equation (3), the dynamic equations 

of the dc-link voltages and output voltage of the PET are: 

1 dc d d hs t o
dc 1

t

o o hs t dc
2 o o

1 1 t

(1 )
2

(1 )

1

i
i i i i

N N
i

i i i
i i

C dv d i T n v
i i D D

dt L
C dv T n v

i i D D i
dt L

i N
= =


= − = − −




= − = − −
 =

 
， ，

  (4) 

where Co is the equivalent capacitance of the parallel output. 

Equations (2) and (4) are the mathematical models that 

include all the control objectives of cascaded PET, i.e., the d- 

and q-axis currents id and iq, the N dc-link voltages vdc1 - vdcN, 

and the output voltage vo. Obviously, the cascaded PET is a 

complex MIMO nonlinear system, and the nonlinearity not only 

exists within one sub-converter, but also presents at the inter-

module and sub-stage interactions. By observing (2) and (4), if 

perform the FEL technique on the model directly, there will be 

one zero-dynamic state left since the number of control inputs 

(including dd, dq, D1-DN) is one less than that of the control 

objectives.  

As discussed in [24], for exact linearization of the PWM 

rectifier, when taking id and iq as the outputs, the dc-voltage will 

be the zero-dynamics. It is suggested to be controlled by a PI 

controller cascaded to the id loop, which is nothing but an outer-

voltage loop in view of the configuration. In this paper, to avoid 

the zero-dynamics analysis and considering the much larger ac 

current control bandwidth than the dc voltage control 

bandwidth, the FEL process are deduced on two time-scale 

separation. The currents are first controlled by FEL in a faster 

time-scale, on this basis the output and dc-link voltages can be 

exactly linearized and controlled in a slower time-scale. The 

desired control bandwidths of different time-scale loops can be 

obtained based on the simplified linear models.  
 

III. NONLINEAR DECOUPLING CONTROL OF CASCADED PET  
 

In this section, brief review of the FEL control theory is 

presented and then it is applied to the current time-scale and 

voltage time-scale control of the cascaded PET, respectively. 

 

A. Feedback Exact Linearization for MIMO System  

The FEL control theory is briefly described as follows [31]. 

Consider the following MIMO nonlinear system  

( ) ( )

( )





x = f x + g x u

y = h x
                            (5) 

where, x is the state vector; u is the control inputs and y is the 

outputs, note that it is a square system with the same number m 

of inputs and outputs; f and g are the smooth vector fields and 

h is a smooth scalar function vector. 

According to [31], the multivariable nonlinear system of the 

form (5) has a relative degree {r1, r2…rm} at x0 if: 

(i)                                       ( )=0
j

k

g f iL L h x                            (6) 

for all 1  j m  , for all 1ik r − , for all 1  i m  , and for 

all x in a neighborhood of x0, 

(ii) the m×m matrix  

1 1 1

1 2

2 2 2

1 2

1 2

1 1 1

1 1 1

1 1 1

2 2 2

1 1 1

( ) ( ) ( )

( ) ( ) ( )
( )

( ) ( ) ( )

m

m

m m m

m

r r r

g f g f g f

r r r

g f g f g f

r r r

g f m g f m g f m

L L h x L L h x L L h x

L L h x L L h x L L h x

L L h x L L h x L L h x

− − −

− − −

− − −

 
 
 

=  
 
 
 

E x (7) 

is nonsingular at x0, where Lfh and Lgh represent the Lie 

derivatives of h(x) along f(x) and g(x), respectively. 

For a nonlinear system (5) with well-defined relative degree 

{r1, r2…rm} at x0 and that r1+r2+···rm=n (n is the state vector 

dimension), the local coordinate transform and a state feedback 

exist, with the form of (8) and (9) respectively.  
0

1

1
2

1

( )

( )
( ) ,   

( )i

f i

f i

i

r
m f i

L h

L h

L h



−

  
  
  = =
  
  
    

z x

z x
z = x z

z x

, for  1 i m   (8) 

1 1( ) ( )+ ( )− −= −u E x a x E x v                     (9) 

where 1 2
T

1 2( ) ( ) ( ) ( )mrr r

f f f mL h L h L h =  a x x x x , and 

 
T

1= mv vv is the new control input vector. 

In the new coordinates and with state feedback, the original 

system (5) can be linearized as Brunovsky canonical form 

   1 1diag , , ,  =diag , ,m m

= +


=

z Az Bv

A A A B b b
       (10) 

where iA  is the i ir r  matrix, 

0 1 0

0 1

0 0

i

 
 
 =
 
 
 

A , 

and ib is the 1ir  vector  
T

0 0 1i =b . 

Note that (8)-(10) are the general FEL results for a MIMO 

nonlinear system with relative degree {r1,…,rm}. In a particular 

case when r1=…=rm=1, zi will be scalar function hi(x), bi=1, A 

will be a zero matrix, and B is a m×m unit matrix, then the 
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Brunovsky form (10) will be simplified as =z v . 

 

B. Grid Current Control Law 

The grid current control is designed based on applying the 

feedback compensation to the subsystem equation (2). By 

selecting the state variables as xI=[id iq], the control inputs as 

uI=[dd dq], the outputs as yI=[id-idref iq-iqref] and following the 

exact linearizing procedure described in Part A, the feedback 

control law can be derived as in (11), which transform the 

original system (2) into a linear one (12). 

d d s d s q s I1

q q s q s d s I2
dc

1

1
N

i
i

d v r i L i L v

d v r i L i L v
v





=

− + −   
=   

− − −   
  (11) 

d I1

q I2

=
i v

i v

   
   
    

                                 (12) 

In (12), the new input vector vI=[vI1 vI2]T can be obtained by 

applying a PI controller, i.e., 

Ip dref d Ii dref dI1

I2 Ip qref q Ii qref q

( )+ ( )d

( )+ ( )d

k i i k i i tv

v k i i k i i t

 − − 
 = 
 − −   




        (13) 

The proportional and integral gains, kIp, kIi, will be selected 

in part D, section III according to the classical linear control 

theory. As a result, the grid current control diagram of PET is 

shown in Fig. 2, which essentially is a synchronous d-q frame 

PI decoupling control from the control structure point of view. 

As it is directly resulted from exact linearization of the current 

model, it features global validity of the designed performance, 

and reduced difficulty in controller parameter design.  
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Fig.2 Block diagram of grid current control loop 

 

C. Dc-link and Output Voltages Control Law 

For the control of the voltage time-scale, there are N dc-link 

voltages vdc1-vdcN and one output voltage vo need to be 

controlled. To reduce the design complexity of the voltage 

control law, the ac current loop dynamics is reduced into a unit 

transfer function here since the time-scale separation. The 

feasibility of this approximation will be proved by the step 

responses comparison between the simplified model and the 

detailed switching circuit, given in part D. 

According to active power conservation, the following 

equation is deduced.  

d d
ac dc dc

1

d d d
dc dref

dc dc
1 1

2

2 2

N

i
i

N N

i i
i i

v i
P v i

v i v
i i

v v

=

= =


= =


 = =






 

                 (14) 

where Pac is the active power of the PET ac side. 

Substituting (14) in to (4), the dynamic models of the N dc-

link voltages and one output voltage can be expressed as  

dc1 hs t o d
1 1 dref

1 t 1 dc1

dc hs t o d
dref

1 t 1 dc1
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N
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i
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dt C L C v
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dt C L C v
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D D i

dt C L C

=

=

=


= − − +




 = − − +


 = − −
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





 (15) 

Defining the state vector as x=[vdc1 vdc2 … vdcN vo]T, when 

expressing the above model in the affine nonlinear MIMO form 

of (5), we obtain 
T

o

o

( ) 0 ... 0
i

C

 
= − 
 

f x                        (16) 

1,1 1,1

2,2 1,2

, 1,

1, 1 2, 1 , 1

0 0

0 0

0( )

0

0

N

N

N N N N

N N N N

g g

g g

g g

g g g

+

+

+

+ + +

 
 
 
 =
 
 
 
 

g x          (17a) 

1,1 2,2 , , hs t o 1 t

hs t dc
, 1 1, d 1 dc

1o t

/ ( )

, / (2 )

i i N N

N
i

i N N i i
i

g g g g T n v C L

T n v
g g v C v

C L
+ +

=

= = = = = −

= = 
    (17b) 
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u            (18) 

1 1 dc1 dcref

dc dcref

1 1 o oref

( )

     

( )

( )

N N N

N N

y h v v

y h v v

y h v v+ +

= = −




= = −
 = = −

x

x

x

                (19) 

In (18), the variables, Mi=Di(1-|Di|), are regarded as the 

control inputs of the DABs for convenience. After Mi is 

obtained, the phase shift ratio Di can easily be determined by a 

lookup table. The active current reference idref is also regarded 

as one control input, so system (15) becomes an N+1 

dimensional square system. 

Then following the FEL procedure described in Part A, the 

feedback control law of system (15) can be obtained: 
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where, Ti hs t t/f T n L= ; 

d o o1 1
A B C D

Ti o dc Ti o d d

22
, , ,

2 i

v C vC C
k k k k

f v v f v v v

−
= = = =


. 

By (20), the original nonlinear system (15)-(19) can be 

transformed into the simple first-order differential linear form.  

dc1 1

dc

o 1

=
N N

N

v v

v v

v v +

   
   
   
   
   
   

                                 (21) 

A PI controller is used to give the new control variables vi: 

vp dcref dc1 vi dcref dc1
1

vp dcref dc vi dcref dc
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( )+ ( )d
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( )+ ( )d
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   
  − −  







    (22) 

where, kvp and kvi are the proportional and integral gains.  

The overall control diagram of cascaded PET is illustrated in 

Fig. 3, where Gd and Go denotes the PI controllers in (22). The 

function f -1 represents the calculation process from Mi to Di. It 

is apparent that the dc link voltages will be balanced when they 

track the same reference, consequently the output currents can 

be shared due to the ISOP structure [10,11]. 

+
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Fig.3 Block diagram of voltage loop control  of PET 

 

D. Control Parameter Design for the Dual Time-Scale Loops 

After applying the FEL technique on the current and voltage 

time-scale control separately, the multi control objectives are 

linearized and decoupled to which regular linear designs can be 

used. As can be derived from (12)-(13) and (21)-(22), both the 

ac current and dc voltages control can be presented as a 

common second-order linear control loop form, as shown in Fig. 

4. The closed loop transfer function is in (23). 

+

−
1 / s

xref vx xkxi

s
kxp+

 
Fig.4 Common second-order linear form of the multiple control loops  

xp xi

x 2
ref xp xi

( )
k s kx

T s
x s k s k

+
= =

+ +
                   (23) 

where, x represents any of the controlled variables, including id, 

iq, vdci and vo; xref represents their references, i.e., idref, iqref, vdcref 

and voref; kxp and kxi are the corresponding proportional and 

integral gains.  

Expressing equation (23) as the typical second-order system, 
2

x nx nx
x 2 2

x nx nx

2
( )

2

s
T s

s s

  

  

+
=

+ +
                     (24) 

where ξx is the damping ratio and ωnx is the natural angular 

frequency. According to the definition of control bandwidth, we 

can obtain: 

x bx
xp x nx

2 2 2

x x

2
2 bx

xi nx
2 2 2

x x

2
2

(1+2 ) (1+2 ) 1

(1+2 ) (1+2 ) 1

k

k
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


 


= =

+ +



= =
+ +

     (25) 

where fbx is the control bandwidth and ωbx=2πfbx.  

From (25), the PI parameters can be calculated by selecting 

desired control bandwidths and damping ratios of the different 

control objectives. Based on the optimal control principle of 

second-order system, the damping ratio ξx can be selected as 

0.707. When specifying the control bandwidths, the following 

criterions need to be considered. One is that different time-

scales, including the PWM switching time-scale, current 

control time-scale and dc voltage control time-scale, should be 

separated; the second is that preferable dynamic responses must 

be ensured for all the variables. Therefore, an order of 

magnitude difference in bandwidth can be selected: 
1 2

sw bI bV10 10f f f                            (26) 

where fsw is the PWM frequency, fbI and fbV are the control 

bandwidths of grid current loop and voltage loop, respectively. 

For example, when fbI=370Hz, about 1/10 of the equivalent 

switching frequency of the HB rectifier, the parameters of the 

current loop are calculated as kIp=1600 and kIi=1.28×106. By 

reducing a time-scale, fbV=37Hz, and the voltage loop gains 

kvp=160 and kvi=12800. Finally, the Bode plots with these PI 

parameters are given in Fig. 5, where the control bandwidths 

are consistent with the above ones and a phase margin of 65.4° 

can be read in both loops.  
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Fig.5 Bode plots of the dual time-scale control loops (a) grid current 
control (b) dc-links /output voltage control  

To verify the effectiveness of the simplified second-order 

linear model described in (23), the step responses are also given 
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and compared with a detailed switching circuit in MATLAB 

/Simulink. As can be seen in Fig. 6, the curves show high degree 

of similarity. Therefore, the feasibility of ignoring the dynamic 

process of the current loop in the voltage modelling and control 

can be proved. 
3150
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Fig.6 Step response comparison between simplified model and detailed 
switching model (a) dc-link voltage (b) output voltage 

Another concern about the model accuracy is the effect of the 

control delay with using the digital control. Generally, when the 

current loop bandwidth is far below the control frequency and 

the switching frequency (limited by the design criterion (26)), 

it is not hard to prove that the control delay has little effect on 

the frequency range (medium and low frequency) that we focus 

on. Adopting the simplified model to design the controller is 

still feasible. 

 

E. Double Line-Frequency Ripple Suppression 

For the cascaded PET, there inherently exist the second-order 

ripple voltages in the dc-link which is undesired to be coupled 

to the ac current control loop and DAB stage. The performance 

of the second-order harmonic suppression of the proposed 

control should be discussed.  

The steady-state dc-link voltages can be expressed as the 

summation of the dc and ripple components 

dc dcref dciv v v= +                                    (27) 

where dcv  is the second-order ripple voltage.  

Substituting (22) and (27) into (20), the control input 

variables of the CHB and DAB circuits can be expressed as 

o
dref C dc D 1

1 o

1 d o o o
dcref dc o oref o

d d o

( )

2 2
( ( ) )

N

i i N
i

i
i k v v k v

C
C G N C v i

v v G v v
v v C

+
=

= + +

= − + − +


(28) 

A B dref

o o oref o o Ti dcref=[ ( ) ] / ( )
i iM k v k i

C G v v i f Nv
= +

− +               (29) 

where Gd and Go are the transfer functions of the PI controllers, 

as shown in Fig. 3. 

According to (29), one can see that the phase shift function 

of DAB, Mi, does not contain the ripple voltage term dcv , which 

means the second-order ripples will not be transferred to the 

DAB stage by the nonlinear control. However, from (28), as the 

ripple voltage is contained in the d-axis current reference idref, it 

will cause odd harmonics of the grid current. Thereby a second-

order notch filter is added to idref before it passing on to the 

current loop, as shown in Fig. 7(a).  
' 2 2
dref n

notch 2 2
dref n n

( ) =
( / )

i s
G s

i s Q s



 

+
=

+ +
                 (30) 

where, Q is the quality factor of the notch filters and ωn is the 

natural frequency. 

 

IV. DYNAMIC PERFORMANCE AND DECOUPLING EFFECT 

ANALYSIS  

 

As known from the numerous researches on the power 

electronic systems, the coupling (or interaction) effects in the 

circuit will deteriorate the dynamic performance of the control 

loops. In this section, analytical evaluation of the dynamic and 

decoupling performance will be presented from the perspective 

of the dc-link voltages and output voltage control. 

From the linearized equations (21) and (22), the ideal state-

space equation under the proposed control can be expressed as 

dc1 d dc1

dc d dc

o o

0 0

0
=

0

0 0

N N

o

sv G v

sv G v

sv G v
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     
     −
     
     
     

             (31) 

It can be observed that all the controlled objectives, including 

vdc1-vdcN and vo, are decoupled by using the FEL technique 

theoretically. Unfortunately, there are some factors that are not 

included in (31) and needed to consider further, such as the 

current loop dynamics which is ignored in derivation of the 

voltage control law, and the notch filter which is added for 

suppressing the second-order ripples. In the following, the 

impact of the dynamics of the current loop, filter, and control 

delay on the decoupling effect will be analyzed, and the 

comparison between a previously proposed control strategy will 

be made. 

For the convenience of comparison analysis, the proposed 

control strategy is rearranged into the diagram of Fig. 7(a), 

referred to as Control strategy I. While in Fig. 7(b), the DAB-

balancing control-based strategy is chosen for comparison, 

considering of its good performance and simplicity [10,11], 

referred to as Control strategy II. In Fig. 7(b), the dc-link 

voltages are balanced by the DABs, while the CHB adopts a 

common duty ratio so that the output-parallel DABs can be 

equivalent to an ISOP structure; in such way the output current 

sharing can be naturally attained.  
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Fig.7 Control block diagram comparison of (a) Control strategy I (the 

proposed control) and (b) Control strategy II (the strategy based on DAB-
balancing control) 

For better comparison, the same grid-current controller (Fig. 

2) and notch filter (equation (30)) are employed for Control 

strategy II. Thus, the two strategies have a same dynamic 

process of the grid current loop: 

Ip Ii de1d

' 2

dref Ip Ii de1

( )

+( )
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sk k Gi
G

i s sk k G

+
= =

+
                   (32) 

where the CHB control delay Gde1=1/(Tcs+1). Tc is the total 

delay time including one computation period and one PWM 

delay which is 0.25 times of the switching period. 

Taking the influences of the omitted current loop dynamics 

and control delay, the nonlinear model of PET in the voltage 

time-scale (equation (15)) can be rewritten as follows: 
'
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  (33) 

where the control delay Gde2=1/(Tds+1). Td is the total delay 

time of DAB, which includes one computation period and one 

PWM delay that equals 0.25 times of the switching period. 

 
A. Decoupling Effect between the Multi-Control Loops 

1) Control strategy I 

From Fig. 7(a), the control variables (1 )i i i iu M D D= = −  

(i=1,…,N) and i'dref can be calculated as: 
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(34) 

Substituting (34) into the system equation (33) and not 

considering the changes of the reference voltages yields the 

small signal state-space equation: 
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(37) 

where M is the steady state value of Mi. 
As shown in (35)-(37), there are nonzero off-diagonal 

elements in the state matrix A, which means that the dynamics 

of the dc-link voltage and output voltage loops are mutually 

influenced. The transfer function from the output voltage to the 

dc-link voltage can be deduced as in (38) (the process is given 

in the appendix): 

dc is notch de2 o o oref
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2) Control strategy II 
Based on the PET model (equation (33)) and Fig. 7(b), the 

small signal state-space equation under Control strategy II can 

be deduced as follows: (the process is given in the appendix): 
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where 

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on April 09,2021 at 08:04:49 UTC from IEEE Xplore.  Restrictions apply. 



2168-6777 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2021.3069208, IEEE Journal
of Emerging and Selected Topics in Power Electronics

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS  

*
Ti de2 oref PIb d is PId notch

, ( 1~ )

1

Ti de2 dcref PIo
1, 1

o
*
d is PId notch Ti de2 oref PIb

, ( , 1~ , )

1

Ti de2 oref PIo
, 1( 1~ )

(1 ) (1 2 )
'

(1 2 )
'

(1 2 )
'

[ (1 2 ) (
'

i i i N

N N

i j i j N i j

i N i N

N f G v D G d G G G
a

NC
f G Nv D G

a
C

d G G G f G v D G
a

NC
f G v D G D

a

=

+ +

= 

+ =

− − −
=

− −
=

− + −
=

− −
=

1

Ti de2
1, ( 1~ )

1 )]

(1 )
'N j j N

o

D

C
f G D D

a
C

+ =











−



− =



(41)

 

Obviously, the matrix A’ is off-diagonal, so that each of the 

dc-link voltages and the output voltage are coupled in dynamic 

states. To show the coupling intensity, the transfer function 

from the output voltage to the dc-link voltage under Control 

strategy II is obtained (the process is given in the appendix). 

Ti de2 oref PIodc

*
o 1 d is PId notch

[ (1 2 ) (1 )]ˆ

ˆ
i

f G v D G D Dv

v sC d G G G

− − −
=

+
        (42) 

Based on (38) and (42), Bode plots of the transfer function 

dc o
ˆ ˆ/iv v  under the two control strategies are given in Fig. 8. The 

circuit parameters used for plot are listed in Table I. The control 

parameters of Control strategy I are the same as given in part D, 

section III. The controllers (GPId, GPIo) of Control strategy II can 

be calculated by (43), which is derived by letting its closed-loop 

transfer functions dc dcref
ˆ ˆ/iv v , o oref

ˆ ˆ/v v  equal to that of Control 

strategy I. In such way the two strategies have the same control 

bandwidth for references’ tracking. The balance controller GPIb 

has the same gain as GPIo. 
*

PId d d 1

PIo dcref hs t t o o

=

(1 2 ) / =

G d G C

G v NT n D L G C




−
          (43) 

As shown in Fig. 8, the proposed control has much lower 

gain over the low-frequency range, indicating the minimized 

coupling between the dc-link and output voltage control loops.  
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Fig.8 Comparison of Bode plots of the interference transfer function 
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B. Dc-Link Interaction and Output Impedance Analysis 

In order to evaluate the dynamic performance and dc-link 

interaction in the case of load changes, the output impedances 

of the PET and CHB stage are derived and compared. 

The PET output impedance Zo can be derived as in (44) under 

Control strategy I, and as in (45) under Control strategy II, 

according to the last row of the matrix equations (35) and (39), 

respectively: 

o de2
o,I

o o o de2o

ˆ 1

ˆ

v G
Z

sC G C Gi

−
= =

+
                       (44) 

o
o II

o Ti dcref de2 PIoo

ˆ 1

ˆ (1 2 )

v
Z

sC Nf v G D Gi

−
= =

+ −
，       (45) 

The CHB stage output impedance Zdc is an important factor 

in measuring the intermediate interaction and stability criterion 

of the cascaded systems [16]. Through derivation (given in the 

appendix) 

dc is notch de2
dc,I

de2 1 d 1 is notch1

ˆ

ˆ ( )

i

i

v G G G
Z

G sC G C G Gi

−
= =

+
           (46) 

dc
dc,II *

1 1 d PId is nocth

ˆ 1
=

ˆ
i

i

v
Z

i sC d G G G

−
=

+
                 (47) 

The Bode plots of (44)-(47) are compared in Fig. 9. As can 

be observed, the output impedances of the CHB stage and the 

PET system are both reduced by the FEL control significantly. 

With lower output impedance, faster dynamic performance and 

better stability can be obtained in both the dc-link and output dc 

buses under load disturbance. 
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Fig.9 Comparison of output impedances of the CHB stage and the PET with 

different control strategies: (a) Bode diagram of ZoI and ZoII (b) Bode diagram 

of Zdc,I and Zdc,II 

 

V. SIMULATION AND EXPERIMENT VERIFICATION 

 

A. Simulation Verification 

In the simulations, a 3-module single-phase PET with 

1.2MW rated power, which interconnects a 5.77kV ac grid (one 

phase of 10kV three-phase ac grid) and a 400V dc grid, is 

constructed to verify the proposed control strategy. The 

configuration of the PET model is based on Fig. 1, and the 

parameters are listed in Table I. The controller parameters are 

in line with those in part D, section III. 
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TABLE I   SIMULATION PARAMETERS 

Parameter Value Parameter Value 

vs/ kV 5.77rms C2/ mF 100 

Ls/ mH 10 voref/ V 400 

C1/ mF 30 fCHB/ kHz 2 

vdcref/ V 3000 fDAB/ kHz 5 

Lt1/ μH 360*0.8 N 3 

Lt2/ μH 360 nt 7.5:1 

Lt3/ μH 360*1.2   

The dynamic performance of the cascaded PET with the 

proposed control is evaluated and compared with Control 

strategy II in the following simulations. The load power was 

abruptly changed from 1.2MW to -1.2MW at the time of 0.5s, 

and changed back to 1.2MW at 1s, and the grid voltage dropped 

by 20% at 1.5s. Note that in all the simulations and experiments, 

the reactive power maintained 0 var. 

In Figure 10, the comparison of the dynamic responses of 

PET is made, including the output voltage vo, the average value 

of the dc-link voltages vdcav, the seven-level ac voltage of CHB 

van, grid voltage vs and grid current is. As can be seen in Fig. 10, 

when the power reverses at 0.5s and 1s, the two dc-bus voltages, 

vo and vdcav, fluctuated with a magnitude less than 3V and 15V 

respectively under Control strategy I, significantly smaller than 

the fluctuations under Control strategy II (30V and 25V 

respectively). The faster recovering time of the dc bus voltages 

and the faster dynamic response of the grid current can also be 

observed under Control strategy I. 

Figure 11 shows the results of the three dc-link voltages of 

the sub modules. Under Control strategy I, minor fluctuations 

and better balancing performance of the dc-link voltages in the 

dynamic process can be observed in Fig. 11(a). While under 

Control strategy II, because of the coupling effect between the 

multi variables, the three dc-link voltages show different 

characteristics and great fluctuations in dynamic states when 

the circuit parameters are different. The maximum deviation 

between them is about 30V, and the recovering time is 0.1s, 

which both are much larger than those of Control strategy I. 

Furthermore, Fig. 12 gives the compared results of the dc-

link voltages when the power of the third module is disturbed. 

The disturbance is performed by connecting a 20 Ω resistance 

in parallel to the third module’s dc-link during 0.50s to 0.51s. 

The dynamic deviations of the three dc-link voltages under the 

proposed control is much smaller than that under Control 

strategy II, although their average values vdcav are almost 

identical. From the results of Figs. 11 and 12, much better 

decoupling performance of the proposed control can be 

observed. 

In addition, from Figs. 10 and 11, at the time of 1.5s, we can 

see that both the two strategies have good ability in suppressing 

the grid voltage disturbance, since the same current controller 

with grid voltage feedforward was used. 
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(b)  
Fig.10 Dynamic response waveforms of the PET under the bidirectional load power changes and grid voltage drop, with (a) Control strategy I; (b) Control strategy 

II 
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Fig.11 Dynamic waveforms of the three dc-link voltages under the bidirectional 
load power changes and grid voltage drop, with (a) Control strategy I; (b) 

Control strategy II 
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Fig.12 Dynamic waveforms of the dc-link voltages when the power of the third 

model disturbed, under (a) Control strategy I; (b) Control strategy II 

 

B. Experimental Verification  

The experiments of the cascaded PET were made on a scaled-

down laboratory prototype consisting of one main controller 

unit (MCU), three HB rectifiers and three DAB modules, as 

shown in Fig.13. An active load is connected to the dc output of 

the PET, which is composed of a resister and a controlled dc 

voltage source, and can change from 1kW to -1kW. To 

implement the control algorithm, a DSP of TMS320F28335 is 

used in the MCU with 10kHz control frequency, and in MCU 

and the submodules, Xilinx FPGA chips are used for 

communication, sampling and pulse generation. The 

communications between the MCU FPGA and the submodule 

FPGAs are based on the optical fibers with a 2.5 Mb/s 

communicate rate, and the communication and sampling 

frequency is 20kHz. The parameters are given in Table II. 

MCU
IBDC

HB

Power
Module

 

Fig.13 Experimental platform of cascaded PET  

 
TABLE II   EXPERIMENTAL PARAMETERS 

Parameter Value Parameter Value 

vs/ V 180rms Lt2/ μH 128 

Ls/ mH 10 Lt3/ μH 125 

C1/ mF 10 voref/ V 100 

vdcref/ V 100 fCHB/ kHz 2 

C2/ mF 2.35 fDAB/ kHz 5 

nt 1:1 N 3 

Lt1/ μH 100   

 

In Figs. 14 and 15, the experiment results of the two control 

strategies are demonstrated respectively. In Fig. 14(a), under 

Control strategy I, when the load power reverses at t1 and t2, the 

maximum fluctuations of the output voltage and the dc-link 

voltages are 2V and 1V respectively, and their recovering time 

is about 0.25s. While under Control strategy II (Fig. 15(a)), the 

fluctuations of the output voltage and the dc-link voltages are 

8V and 2.5V respectively, with recovering time of 0.5s. During 

the dynamic processes, better balancing performance of the 

three dc-link voltages were observed under the proposed 

control than under Control strategy II. So that the better 

decoupling effect and obviously improved dynamic responses 

in bidirectional power transitions can be verified.  

The abrupt reversion of power can also be seen in the detail 

waveform of the grid current is in Fig. 14(b) and Fig. 15(b), 

which is in phase with grid voltage vs when t<t1 and out of phase 

with vs when t>t1. As can be seen, the grid current under the 

proposed control changes phase and enters the steady state 

faster. 

Figure 14(c) and 15(c) give some experimental waveforms 

of the DAB converters under bidirectional power flow. vpri and 

vsec are the ac voltages on primary and secondary sides of the 

HF transformer, respectively. iL1 is the ac current of the storage 

inductance. In the positive power flow, the square wave voltage 

vpri leads vsec by a small phase as expected; while in reverse 

power, the results are opposite. In the dynamic intervals, the 

current response (iL1) is faster under the proposed control. 

From Figure 14(d) and 15(d), we can see that the input 

currents of each DAB modules are almost the same in steady 

states under both the two strategies, meaning that the DAB 

current sharing is automatically realized. And the better 

balancing performance of the currents can be observed under 

the proposed control. 
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Fig.14 Experimental results under Control strategy I (a) waveforms of vo and 
vdci (b) waveforms of vs, is, and van (c) Waveforms of DAB variables, inductive 

ac current iL1, and primary and secondary side ac voltages, vpri and vsec (d) 

Waveforms of input currents of each DAB module, i11, i21, i31. 
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Fig.15 Experimental results under Control strategy II (a) waveforms of vo and 

vdci (b) waveforms of vs, is, and van (c) Waveforms of DAB variables, inductive 
ac current iL1, and primary and secondary side ac voltages, vpri and vsec (d) 

Waveforms of input currents of each DAB module, i11, i21, i31. 
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Fig.16 Experimental results of grid voltage disturbance under Control strategy 

I (a) waveforms of vo and vdci (b) waveforms of vs, is, and van  
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Fig.17 Experimental results with different DABs dc-voltage gains under 

Control strategy I (a) 100/110 (b) 100/90  
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Fig.18 Responses for a set-point change under Control strategy I, with 
parametric uncertainty of ±20% on the capacitance and inductance values C1, 

C2, and Lt. 

Figure 16 shows the experiment results when the grid voltage 

dropped by 12% at t3 and recovered at t4 under the proposed 

control. As is shown, the output and dc-link voltages are almost 

unaffected, and the grid current can rapidly enter the new steady 

state. Because the grid voltage feed-forward control is also used 

in Control strategy II, it has very similar waveforms as in Fig. 

16 with the grid voltage changes, which is not repeated here for 

simplicity purpose.  

Figure 17 shows the experiment results when the DABs dc 

voltage gains are not equal to 1. The load changes and the 

output voltage are as same as the experiment in Fig.14, but the 

dc-link voltage reference is set as 110V and 90V in Fig.17 (a) 

and (b), respectively. It can be found that there is almost no 

influence on the output voltage, and only a small difference on 

the dc link voltage, which means the proposed control strategy 

is robust to the dc voltage gains. 

In Fig.18, the voltage responses are depicted for a set-point 

change with parametric uncertainty of ±20% on the capacitance 

and inductance values, C1, C2, and Lt, respectively. And the 

results indicate that the proposed control strategy is robust 

against the parametric uncertainties at steady states and during 

step changes. 

 

VII. CONCLUSION 

 

In this paper, a nonlinear decoupling control strategy based 

on the FEL technique is proposed for the modular cascaded 

PET. With the proposed strategy, the linearization and 

decoupling of all the control objectives can be realized, and the 

sub-module balances are naturally attained. 

Combined with time-scale separation, the FEL control law of 

the current and voltage time-scales are derived separately, 

which can avoid the zero dynamics and simplify the nonlinear 

control design for the complex system. Then based on the 

linearized models of PET, a standardized design methodology 

for the controllers is realized to specify the desired control 

bandwidths and damping ratios of different control objectives, 

which means that it can provide an output features-tailored 

advantage for the PET in smart grid application. 

Taken the dynamic influences of the current-loop, filter, and 

control delay into account, the further theoretical analyses of 

the decoupling effect and dynamic performance are made. The 

comparison analyses show that the proposed control has 

minimized coupling effect between the multi-control loops, 

reduced dc-link interaction, and also smaller output impedance 

of the PET. Under the conditions of bidirectional power 

changes and parameter inconsistency, the simulation and 

experimental results also proved that obviously improved 

dynamic responses and better sub-module balancing 

performance in dynamic process can be achieved.  

In addition to the PET application, the proposed method may 

also be effective for the control of other combined complex 

power electronic systems to reduce coupling effect and achieve 

better dynamic performance. Considering the effects of 

transient state processes on the proposed control, such as the 

soft starting or grid fault, it’s a very interesting topic and will 

be investigated in the future study. Moreover, the efficiency 
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optimization control integrated with the nonlinear control has 

not been considered in this paper, and will be developed in the 

subsequent research. 

 

APPENDIX 

 

In the following paper, the detailed deducing process of some 

equations in section IV is given. 

A. Decoupling Effect between the Multi-Control Loops 

1) The deducing process of equation (38) 

Taking the ith (i=1-N) row of the state-space equation (35), 

and not considering the load current disturbance, the dynamic 

equation of vdci under Control strategy I can be written as: 

is notch de2
dc Ti dcref o o oref o

1 dcref

d is notch de2
dc d de2 dc1

( )
ˆ ˆ( )

( )
ˆ ˆ           
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i ii

G G G
sv Nf Mv G C v v

NC v
G G G G

v G G v
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−
= −

−
− −

   (A1) 

Adding the first N rows of the state-space equation (35) up, 

leads to: 

is notch de2
dc Ti dcref o o oref o1

1 dcref

d is notch dc1
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−


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(A2) 

Then substituting (A2) into (A1) to remove the term 

dc1
ˆ

N

ii
v

= , yields equation (38) in section IV. 

2) The deducing process of equations (39)-(41) 

When using Control strategy II, as shown in Fig. 7(b), the 

phase shift ratio of DAB is composed of two parts, that is, 

i iD D D= − . D is the main phase shift ratio generated by the 

output voltage controller and iD  is the additional term 

generated by the voltage balance controller.  

Implementing small-signal perturbations to all the variables, 

i.e., ˆ ˆ
i iD D D D= + − , dc dcref dc

ˆ
i iv v v= + ,

' ' '

dref dref dref
ˆi I i= + , 

and 
o oref ôv v v= + , 

o o o
ˆi I i= + , the small signal form of the 

PET model (equation (33)) can be obtained as in (A3). 
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 (A3) 

where 
*

d d dcref/ (2 )d v Nv= is the steady state duty ratio of CHB. 

From Fig. 7(b), the control variables under Control strategy 

II are calculated as:  
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               (A4) 

Substituting (A4) into (A3) yields (39)-(41). 

3) The deducing process of equation (42) 

Taking the ith (i=1-N) row of the state-space equation (39), 

the dynamic equation of vdci under Control strategy II can be 

written as: 
*

Ti de2 oref PIb d is PId notch dc1
dc

1

Ti de2 oref dc PIb

1

Ti de2 oref PIo o

1

ˆ[ (1 2 ) ]
ˆ

1
ˆ           (1 2 )

1
ˆ          [ (1 2 ) (1 )]

N

ii
i

i

f G v D G d G G G v
sv

NC

f G v D v G
C

f G v D G D D v
C

=
− −

=

− −

+ − − −



(A5) 

Summing over i (i=1-N) to the equation (A5) leads to: 

*

dc d is PId notch dc1 1
1

Ti de2
oref PIo o

1

1
ˆ ˆ

ˆ                  [ (1 2 ) (1 )]

N N

i ii i
s v d G G G v

C
Nf G

v D G D D v
C

= =
= −

+ − − −

 
(A6) 

Substitute (A6) into (A5) to remove dc1
ˆ

N

ii
v

= , then the 

equation (42) in section IV is obtained. 

B. Dc-Link Interaction and Output Impedance Analysis 

1) The deducing process of equation (46) 

The output impedance of the CHB stage, Zdc, equals to the 

transfer function of the dc-link voltage to the input current of 

the DAB, i1i. According to equation (3), i1i is rewritten as: 

1 Ti o de2 Ti o de2(1 )=i i i ii f v G D D f v G M= −          (B1) 

Substituting (B1) into (33), the dynamic equation of vdci can 

be rewritten as: 

d is notch dref
dc 1

1 1 dc1

1

2
i i N

ii

v G G i
sv i

C C v
=

= − +


                  (B2) 

According to (20), Mi is expressed as: 

A B dref

d 1
dref d dcref dc

dc Ti o Ti o

     ( )
2

i i

i

i

M k v k i

v C
i G v v

v f v f v

= +

= − −


 (B3) 

From (B1) and (B3), then 

d
1 de2 dref 1 d dcref dc

dc

[ ( )]
2

i i

i

v
i G i C G v v

v
= − −


     (B4) 

From (B2) and (B4), drefi  is eliminated, and then the output 

impedance of CHB stage under Control strategy I (equation 

(46)) is obtained. 

2) The deducing process of equation (47) 

From (4) and (A3), the dynamic equation of vdci can be 

written as: 
* '

1 dc d is dref 1
ˆ ˆˆ

i isC v d G i i= −                        (B5) 

When ignoring the dc-link voltage imbalance of each module, 
'

drefî in (A4) can be rewritten as: 

'

dref PId notch dc
ˆ ˆ

ii G G v= −                      (B6) 

Substituting (B6) into (B5), the output impedance of the 

equation (47) can be obtained. 
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