
This is a n  Op e n  Acces s  doc u m e n t  dow nloa d e d  fro m  ORCA, Ca r diff U nive r si ty 's
ins ti t u tion al r e posi to ry: h t t p s://o rc a .c a r diff.ac.uk/id/e p rin t/15 8 9 8 7/

This  is t h e  a u t ho r’s ve r sion  of a  wo rk  t h a t  w as  s u b mi t t e d  to  / a c c e p t e d  for
p u blica tion.

Cit a tion  for  final p u blish e d  ve r sion:

Ch e n,  Jinlei, Wang,  S h e n g  ORCID: h t t p s://o rcid.o rg/00 0 0-0 0 0 2-2 2 5 8-2 6 3 3,
Lian g,  Jun  ORCID: h t t p s://orcid.o r g/00 0 0-0 0 0 1-7 5 1 1-4 4 9X, N av a r a t n e ,

Ruks h a n  a n d  Ming,  Wenlon g  ORCID: h t t p s://o rcid.o r g/00 0 0-0 0 0 3-1 7 8 0-7 2 9 2
2 0 2 3.  Dec e n t r alized  con t rol for  m ul ti-t e r min al  c a sc a d e d  m e diu m-volt a g e
conve r t e r s  conside rin g  m ul tiple  c rossove r s.  IEEE Tra n s a c tions  on  Pow e r

Delive ry 1 0.11 0 9/TPWRD.20 2 3.32 6 8 8 2 9  file  

P u blish e r s  p a g e:  h t t p://dx.doi.or g/10.11 0 9/TPWRD.202 3.3 26 8 8 2 9
< h t t p://dx.doi.o rg/10.11 0 9/TPWRD.20 23.3 2 6 8 8 2 9 >

Ple a s e  no t e:  
Ch a n g e s  m a d e  a s  a  r e s ul t  of p u blishing  p roc e s s e s  s uc h  a s  copy-e di ting,

for m a t ting  a n d  p a g e  n u m b e r s  m ay no t  b e  r eflec t e d  in t his  ve r sion.  For  t h e
d efini tive  ve r sion  of t his  p u blica tion,  ple a s e  r ef e r  to  t h e  p u blish e d  sou rc e.  You

a r e  a dvise d  to  cons ul t  t h e  p u blish e r’s ve r sion  if you  wish  to  ci t e  t his  p a p er.

This ve r sion  is b ein g  m a d e  av ailable  in  a cco r d a n c e  wit h  p u blish e r  policie s.
S e e  

h t t p://o rc a .cf.ac.uk/policies.h t ml for  u s a g e  policies.  Copyrigh t  a n d  m o r al  r i gh t s
for  p u blica tions  m a d e  available  in ORCA a r e  r e t ain e d  by t h e  copyrig h t

hold e r s .



IEEE TRANSACTIONS ON POWER DELIVERY 

 

Abstract— Decentralized control with multiple droop 

characteristics can significantly improve the accuracy of power 

flow in medium-voltage direct-current (MVdc) networks. 

However, multiple crossovers caused by different control 

characteristics can lead to the drifts of power and voltage and 

instability issues. When this type of control is implemented in the 

cascaded three-level neutral-point-clamped (C3L-NPC) 

converters, on one hand, the mechanism of such the power and 

voltage drifts was not investigated. On the other hand, power 

control accuracy, dc voltage balancing across submodules (SMs) 

and multiple crossovers should all be considered, which requires 

suitable control methods. To address the challenges, firstly, the 

mechanism behind the power and dc voltage drifts is analyzed. 

Secondly, a control scheme is presented to improve the power 

control accuracy and dc voltage balancing and concurrently, to 

avoid the multiple crossovers. This is achieved by suitable droop 

gain design and adding a secondary power compensator. The 

presented control scheme is verified in MATLAB/Simulink 

simulation and experimentally validated in a three-terminal MVdc 

testbed.  Results show that the accuracy of steady-state power flow 

is improved by 15% due to the elimination of multiple crossovers, 

while the power accuracy at dynamics improved by 13% with the 

secondary power compensator. 

Index Terms-- Medium-voltage direct-current (MVdc), 

cascaded three-level neutral-point-clamped (C3L-NPC) converter, 

decentralized control, multiple crossovers. 

NOMENCLATURE  

C3L-NPC     Cascaded three-level neutral-point-clamped. 

MVdc           Medium-voltage direct-current. 

MMC            Modular-multilevel converter. 

DSOs            Distribution system operators. 

ESS               Energy storage system. 

PLL               Phased-locked loop 

LPF              Low-pass filter 

V, I, P           Magnitudes of voltage, current and power. 

v, i, p            Instantaneous voltage, current and power. 

A. Subscripts 

i and j          the ith and jth converters. 

d and q      the d-axis and q-axis components on the 
synchronous coordinate frame. 

dc                 Direct-current components. 

B. Superscripts ∗                   Reference value. 

I.  INTRODUCTION 

HE decentralized control strategies are promising to be 
widely used in the medium-voltage direct-current (MVdc) 

systems [1]-[3]. The power feeding and voltage support can be 
automatically shared by power converters thus improving the 
voltage and power regulation, and meanwhile, decreasing the 
risk of system failures compared with the centralized control. 
Traditional decentralized control such as the power versus 
voltage droop method usually adopts a single droop slope [4]. 
This slope is typically shallow (e.g. 5%) and thus exhibits a 
characteristic of a voltage source more than a current source. In 
this case, the accuracy of power control is significantly 
impacted by any dc voltage disturbance. A slight dc voltage 
offset (∆𝑉𝑑𝑐) that may be caused by errors of sensors will cause 
a huge mismatch of power flow (∆𝑃) (see Fig.1(a)). Further 
increasing the slope of the droop will mitigate the inaccuracy 
but could lead to voltage instability in dynamic events (e.g. 
change of loads), which actually imposes greater threats to the 
MVdc systems. 

The decentralized control with multiple droop characteristics 
is a popular solution to precisely control the power while well 
stabilize the system in dynamic events, which is shown in Fig. 
1(b). It features a steep droop (𝑘𝑑𝑟𝑜𝑜𝑝2) in the narrow region 

around the desired operating point [5]. Due to the steep droop 
slope, the accuracy of power control is thus significantly 
improved as the power is much less sensitive to voltage 
disturbance with 𝑘𝑑𝑟𝑜𝑜𝑝2 . Hence, the droop curve within the 

narrow region features the current source characteristics. If 
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there is a large power disturbance which forces the operation 
point beyond the narrow band, control of dc link voltage should 
be prioritized to ensure stable operation of the system at the 
expense of reducing the power control accuracy. This is 
achieved by using smaller droop slopes 𝑘𝑑𝑟𝑜𝑜𝑝1 and 𝑘𝑑𝑟𝑜𝑜𝑝3 to 

make the voltage less sensitive to such disturbance.  
 

Vdc

kdroop

P

ΔVdc 

ΔP 

O O 

 
(a)                                                       (b) 

Fig. 1. Decentralized control characteristics in power versus voltage (P− Vdc) 
droop. (a) Conventional control with single droop characteristics. (b) Improved 
control with multiple droop characteristics. 
 

The multiple-slope based decentralized control have been 
reported in [6]-[11].  In [6]-[9], different types of droop control 
and margin control which are commonly used in dc distribution 
networks are introduced. In [10], an improved coordinated 
control strategy of multi-terminal dc systems was presented by 
combining the double stage voltage margin and undead-band 
voltage droop methods. Thus, the power and voltage variations 
are restrained. In [11], the droop curves are flexibly adjusted 
instead of using a constant slope. Both current sharing and dc 
voltage are improved simultaneously. Despite the advantages 
of multiple-slope control, the concerns of consequent adverse 
effects also arise. The interactions between converter stations 
with different control types may exist. The interactions can lead 
to the condition of multiple crossovers where more than one 
possible operating points would arise. This may result in the 
shift of dc voltage and unintended power imbalances at 
converter stations. Such multiple crossovers were reported in 
limited resources presented by industry and projects in Europe 
[12], [13]. In [12], the adverse effects caused by the multiple 
crossovers were first revealed for two-terminal high-voltage 
direct-current (HVDC) applications. Such a phenomenon will 
arise when one converter operates with constant power control 
and the other with current versus voltage droop (Idc−  Vdc) 
control. In [13], the multiple crossovers resulting from another 
typical control strategy combination − constant current control 
and power versus voltage droop (P− Vdc) control were studied. 
The constant current control has been mostly used in the dc/dc 
converters [14]-[16]. Although it has not been widely used for 
dc/ac converters, however, since a ‘multi-vendor’ supply chain 
is considered in the future and each manufacturer has created 
their own control concepts, it is worth considering different 
types of control characteristics [17]. The effects of multiple 
crossovers caused by interactions between P −  Vdc droop 
control and current control have been experimentally assessed 
through a modular-multilevel converter (MMC) based HVDC 
link [13]. Also, a guideline on how to select a suitable droop 
slope to avoid the multiple crossovers were therein given. 

However, a few research gaps have yet to be closed. First, 
the mechanism of the power and voltage drifts caused by the 
multiple crossovers remains unexplored. Second, although 

multiple crossovers can be avoided by reducing the droop slope 
following the guideline in [13], this sacrifices the advantage of 
the steep droop slope as discussed— the power control accuracy 
at dynamics is decreased when the system is subjected to a 
perturbation in either dc voltage or dc current. Third, apart from 
the above, dc voltage balancing across submodules (SMs) is 
another understudied issue for cascaded dc/dc and dc/ac 
converters, in which dc sides are made in series connection [18], 
[19]. These types of converters are suitable for MVdc 
applications due to their affordability of high dc link voltage. 
Among the cascaded converters, C3L-NPC converters are a 
promising candidate, which have been adopted in the UK’s first 
MVDC demonstration project (ANGLE-DC) in North Wales 
[20]-[22]. When the droop methods are employed to the 
converters with dc series connection, the smaller the slope is in 
Fig. 1, the better the dc voltage balancing would be, at the 
sacrifice of accuracy of power control [19], [23]. Thus, how to 
find a control solution that balances these three factors is a 
challenge. 

This paper investigates the multiple crossovers when using 
constant 𝐼𝑑𝑐  and P−𝑉𝑑𝑐  multiple slope-based decentralized 
control in the C3L-NPC converter based MVdc system. To 
address aforementioned challenges, the mechanism of the 
power and voltage drifts caused by the multiple crossovers are 
first analyzed. It is found that the normal operating point is 
unstable in the presence of multiple crossovers. Then, the 
selection method for the droop gain is presented based on 
consideration of multiple crossovers between different 
converters and dc voltage balancing in each C3L-NPC 
converter. Also, a secondary power compensator is proposed to 
guarantee the accuracy of power flow. Therefore, the multiple 
crossovers are avoided, and meanwhile, the voltage balancing 
and power flow are well controlled. The presented solution has 
been verified through simulation and experimental tests on a 
three-terminal MVdc testbed scaled down from the real 
ANGLE-DC project. By using the presented methods, the 
accuracy of power at steady state has been improved by 15% 
due to the elimination of multiple crossovers, and meanwhile, 
the dc voltage balancing is well achieved. At dynamic changes 
of dc current, the power accuracy has been improved by 13% 
with a secondary power compensator. 

II.  CONTROL STRUCTURE FOR THREE-TERMINAL C3L-NPC 

CONVERTERS 

In this section, the C3L-NPC converters in the ANGLE-DC 
MVdc demonstration project are selected for analysis. First, the 
configuration of C3L-NPC converters is introduced. Then, two 
potential challenges are presented – one is the power and 
voltage drifts caused by the interactions due to the multiple 
crossovers. The other is the impact of the droop slope on the 
occurrence of multiple crossovers, power control accuracy and 
dc voltage balancing performance across SMs within C3L-NPC 
converters. 

A.  C3L-NPC Converters in ANGLE-DC Project 

The C3L-NPC converters were adopted in the ANGLE-DC 
MVDC link due to the low cost without sacrificing much the 
performance compared to MMCs. C3L-NPC converters for 
MVdc applications since then have become an attractive to 
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distribution system operators (DSOs) [20]. Fig. 2 shows the 
topology of a C3L-NPC converter. There are 2N 3L-NPC SMs 
cascading together, N on the positive pole and another half on 
the negative pole. A resistive grounding is connected in shunt 
at the midpoint of the cascaded SMs to configure a bipolar 
system. The dc side of each SM is connected in series to 
establish a demanded medium-level dc voltage. Two sets of 
Yd11 isolation transformers are connected in parallel at the ac 
side.  

As more renewable energies are integrated into the power 
networks in the future, such a point-to-point power MVdc link 
could be extended to a multi-terminal system [24]. For example, 
incorporating an energy storage system (ESS) in the MVdc 
distribution system can improve the quality, efficiency and 
reliability of the MVdc transmission system [24]. In terms of 
the converter station 3 in Fig. 2, the dual active bridge (DAB) 
based dc/dc converters or multilevel ac/dc converters can be 
used to for renewable energy collections or connections to other 
distribution networks. This converter may operate as a dc 
current source. However, there are potential adverse interaction 
effects due to the coupling of different converter stations. 
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Fig. 2. C3L-NPC converter based three-terminal MVdc link. 
 

B.  Multiple crossovers between different Converters 

The multiple crossovers may exist in a multi-terminal 
system, where 𝐼𝑑𝑐  control and P−𝑉𝑑𝑐 droop control are adopted 
in different converter stations. In this paper, the three-terminal 
system in [24] is used for study and is depicted in Fig. 2, where 
Station 3 adopts the constant 𝐼𝑑𝑐  control and C3L-NPC 
converter stations (Stations 1 and 2) adopt the P−𝑉𝑑𝑐 control. 
The multiple crossovers have been displayed in Fig. 3, where 
the red line represents the curve of the constant current control, 
and the blue line represents the merged curve of the droop 
control of two C3L-NPC converter stations. It can be seen in 
Fig. 3(a) that there are no multiple crossovers between 𝐼𝑑𝑐  and 
P−𝑉𝑑𝑐 control if power flow is positive (the positive directions 
are defined as the directions of red arrows in Fig. 2). There is 
only one operating point (O) in steady state.  

Vdc

O

Pdc0 Pdc

Vdc0

Idc control

droop control

Vdc

-Pdc Pdc0

O2

O1

O3

droop control

Idc control

Vdc0

 
(a)                                                      (b) 

Fig. 3. Crossovers between different control characteristics. (a) Positive power 
flow condition. (b) Negative power flow condition. 
 

However, multiple crossovers may exist if the direction of 
power flow is reversed (see 3(b)). There are three intersection 
points denoted as 𝑂1, 𝑂2 and 𝑂3. The adverse impacts caused 
by the multiple crossovers can be the deviations of the voltage 
and power from the desired operating points, thus deteriorating 
the performance of system or even making the system fall into 
collapse. The detailed analysis of the multiple crossings is 
presented in Section III.  

C.  Voltage Balancing of SMs with a Droop-controlled 

Converter 

Droop-based voltage balancing control is widely adopted in 
the cascaded converters as there is no communication required 
between SMs [19], [25]-[27]. Thus, the fault-tolerant operation 
of system can be achieved. The P−𝑉𝑑𝑐  droop control can 
contribute to the voltage balancing across SMs if each SM uses 
a 𝑃𝑖 − 𝑉𝑑𝑐𝑖  droop controller, where 𝑃𝑖  and 𝑉𝑑𝑐𝑖  is the power and 
dc voltage of the ith SM [23]. The voltage balancing with droop 
control is shown in Fig. 4. To equalize the power sharing 
amongst SMs, the power and voltage references (𝑃𝑖0 and 𝑉𝑑𝑐𝑖0) 

of each SM are set as 𝑃𝑖0 = 𝑃02𝑁 and 𝑉𝑑𝑐𝑖0 = 𝑉𝑑𝑐02𝑁 , where 𝑃0 and 𝑉𝑑𝑐0 are given references of the converter and 2N is the number 
of cascaded SMs. Due to the droop characteristic, the dc voltage 
balancing between SMs can be automatically achieved [23]. For 
example, if dc voltage of a SM is decreased from 𝑉𝑑𝑐𝑖0 to 𝑉𝑑𝑐𝑖1 
after suffering from a disturbance, the power is also decreased 
according to the droop curve. Thus, the dc voltage can restore 
to 𝑉𝑑𝑐𝑖0 with the decreased power output.  

Vdci

O

O 
perturbation

move back to balance

Pi

kdroop

Pi0

Vdci0

Vdci1

Pi1  
Fig. 4. Droop-based voltage balancing control within SMs.  
 

As discussed above, it is concluded that a larger droop gain 
is beneficial to accuracy of power control whereas a smaller 
droop gain can avoid multiple crossings and mitigate voltage 
imbalance. Thus, only by optimizing the droop gain is not 
sufficient to meet all the desired performance. To address this 
challenge, a suitable control method is presented in Section IV. 
It should be noted that these potential issues and presented 
solutions also apply to other types of cascaded converters with 
dc sides in series connections, since they present similar output 
characteristics.                                              
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III.  ANALYSIS OF THE MULTIPLE CROSSINGS DUE TO 

DIFFERENT CONTROL CHARACTERISTICS 

As previously shown in Fig. 3(b), interaction between 𝐼𝑑𝑐  
and P−𝑉𝑑𝑐 droop creates multiple crossovers (𝑂1, 𝑂2 and 𝑂3).  
Initial observation shows that the operating points will be either 
located at 𝑂1 or 𝑂3 in steady-state and 𝑂2 is an unstable point. 
The mechanism of this phenomenon was not yet investigated.  

To fully study the mechanism, two cases are discussed 
corresponding to the disturbances caused by dc current and dc 
voltage. Assume Stations 1 and 3 initially operates at 𝑂2  (see 
Fig. 5). Fig. 5(a) and 5(b) show the shift of the operating point 
during the change of dc current and voltage respectively. 
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Fig. 5. Power and voltage drifts under a disturbance (the definitions of the red 
and blue curves are same as those in Fig. 3). (a) The case under a dc current 
disturbance. (b) The case under a dc voltage disturbance. 

 

In Fig. 5(a), the dc current of Station 3 is slightly increased, 
represented by the change of the dc current curve from the red 
solid line to the red dashed line. Following this, the operating 
point of the Station 3 jumps immediately from 𝑂2  to a new 
point 𝑂2′ . The operating point of Stations 1 is maintained at 𝑂2 
in transient. The power 𝑃𝑑𝑐1 at 𝑂2′  then has a greater absolute 
value than the power 𝑃𝑑𝑐0  at 𝑂2. This means that the power 
absorbed by the Station 3 from ac to dc side is larger than the 
power output from dc to ac side in Station 1. The dc link 
capacitor will be charged according to the power balance 
equation defined as (1).  𝐶𝑑𝑐𝑣𝑑𝑐 𝑑𝑣𝑑𝑐𝑑𝑡 = 𝑃𝑑𝑟𝑝,1 − 𝑃𝑖𝑑𝑐,3                         (1) 
where 𝐶𝑑𝑐  is the equivalent dc link capacitance, 𝑃𝑑𝑟𝑝,1  is the 

power of Station 1 and 𝑃𝑖𝑑𝑐,3 is the power of Station 3. 

     Consequently, the dc voltage is increased. The operating 

point of Station 3 will then move in the direction of arrow 𝑙2⃗⃗⃗  , 
while the operating point of Station 1 moves in the direction of 

arrow 𝑙1⃗⃗  . The absorbed power at the dc side remains larger than 
the output power until operating points reach at 𝑂1, where the 
system becomes stable at an undesired voltage level.  

In Fig. 5(b), a perturbation results in slight drop of dc voltage 
which is represented by change from the grey dashed horizontal 
line to the red dashed horizontal line. Following this, the 
operating point of Station 1 jumps from 𝑂2  to 𝑂2′ , while the 
operating point of Station 3 jumps to 𝑂2′′. As 𝑃𝑖𝑑𝑐,3 > 𝑃𝑑𝑟𝑝,1, the 

dc link capacitor is discharged according to (1) and the dc 
voltage decreases. Similarly, the operating point of Station 3 

will then move following 𝑙2⃗⃗⃗  , while that of Station 1 will move 

following 𝑙1⃗⃗  . The absorbed power at the dc side remains lower 
than the output power until 𝑂3 is reached. Thus, the system is 
stabilized at another unwanted voltage level.  

Through the above analysis, it is validated that the operating 
point 𝑂2 is unstable whenever a slight disturbance exits in the 
system. It may shift to 𝑂1 or 𝑂3 depending on the disturbance. 
Such adverse effects need to be addressed to allow the system 
to operate at 𝑂2 and to increase its immunity to any disturbance.  

IV.  PRESENTED DECENTRALIZED CONTROL SCHEME  

A.  Decentralized Control Schematic 

To improve the performance of dc voltage balancing and 
power control accuracy, and concurrently to mitigate the 
multiple crossovers, an improved control method is proposed.  
Fig. 6(a) and (b) show the control schematics of C3L-NPC SMs 
and the dc/dc converter in Station 3 (see Fig. 2), respectively. 
For the droop control in Fig. 6(a), the desired operating points 
( 𝑃0,𝑖 , 𝑄0,𝑖  and 𝑉𝑑𝑐0,𝑖 ) of SMs are given by a high-level 

controller. Each SM controller works at the 𝑃𝑖 − 𝑉𝑑𝑐𝑖  droop 
control mode, so the external characteristic of the converter 
station is also exhibited as the droop control. A droop gain 𝑘𝑑𝑟𝑜𝑜𝑝 is used in the 𝑃𝑖 − 𝑉𝑑𝑐𝑖  droop controller. Output signals 

from the droop controller are the current references which are 
sent to the current controller performed at the dq frame. A PLL 
is used for grid frequency synchronization. The constant current 
control for the current-controlled converter in Station 3 is 
depicted in Fig. 6(b). As can be seen, a closed-loop current 
controller is used to control the inductor current to trace the 
given reference. As the kdroop2 in the narrow band (see Fig. 1) is 
the cause behind the multiple crossovers, the optimal design for 
kdroop2 is particularly presented in this section. The kdroop1 and 
kdroop3 adopt a normal droop setting with a 5% slope [28]. It is 
noted that droop parameter in Fig. 6 only stands for kdroop2 while 
kdroop1 and kdroop3 are omitted for simplicity. 

B.  Droop Gain Selection 

1) Droop gain selection considering the multiple crossovers: 
As shown in Fig. 5, the slope of droop curve in the narrow band 
should be less than the slope of dc current curve to avoid the 
intersections.  

The conclusion can be extended to multi-terminal 
conditions, assuming that there are m stations with droop 
control and l stations with dc current control [13].  According 
to the power balance, there is: ∑𝑃𝑑𝑟𝑝,𝑖𝑚

𝑖=1 =∑𝑃𝑖𝑑𝑐,𝑗𝑙
𝑗=1                          (2) 

where 𝑃𝑑𝑟𝑝,𝑖 and 𝑃𝑖𝑑𝑐,𝑗 are the power processed by the converter  
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Fig. 6. The decentralized control schematic of the system. (a) Droop control for 
C3L-NPC converters. (b) DC current control for dc/dc converters. 

 
stations with droop control and dc current control, respectively. 𝑃𝑑𝑟𝑝,𝑖 and 𝑃𝑖𝑑𝑐,𝑗 are represented as: 𝑃𝑑𝑟𝑝,𝑖 = −1𝑘𝑑𝑟𝑜𝑜𝑝 (𝑣𝑑𝑐,𝑖 − 𝑉𝑑𝑐0,𝑖) + 𝑃0,𝑖               (3) 𝑃𝑖𝑑𝑐,𝑗 = 𝑣𝑑𝑐,𝑗𝑖𝑑𝑐,𝑗                                 (4) 

Substituting (3) and (4) into (2), we can obtain: ∑ −1𝑘𝑑𝑟𝑜𝑜𝑝 (𝑣𝑑𝑐,𝑖 − 𝑉𝑑𝑐0,𝑖) + 𝑃0,𝑖  𝑚
𝑖=1 =∑𝑣𝑑𝑐,𝑗𝑖𝑑𝑐,𝑗𝑙

𝑗=1  (5) 
As the converter stations share a common dc bus, 𝑣𝑑𝑐,𝑖 =𝑣𝑑𝑐,𝑗 is obtained if the cable impedance is omitted. To find the 

slope of the merged control characteristics of all VSCs with the 
Vdc-P droop and the VSCs in current control mode, the 

derivative of (5) is taken with respect to 𝑣𝑑𝑐,𝑖, yielding: 

  𝜕 (∑ −1𝑘𝑑𝑟𝑜𝑜𝑝(𝑣𝑑𝑐,𝑖−𝑉𝑑𝑐0,𝑖)+𝑃0,𝑖  𝑚𝑖=1 )𝜕𝑣𝑑𝑐,𝑖 = 𝜕(∑ 𝑣𝑑𝑐,𝑖𝑖𝑑𝑐,𝑗𝑙𝑗=1 )𝜕𝑣𝑑𝑐,𝑖       (6) 
By solving (6), the following relationship is obtained as ∑ −1𝑘𝑑𝑟𝑜𝑜𝑝 =∑𝑖𝑑𝑐,𝑗𝑙

𝑗=1                               (7)𝑚
𝑖=1  

In steady-state, ∑ 𝑖𝑑𝑐,𝑗𝑙𝑗=1 = ∑ 𝑖𝑑𝑐,𝑖𝑚𝑖=1 = ∑ 𝑃0,𝑖𝑉𝑑𝑐0,𝑖𝑚𝑖=1  is 

obtained. Thus, to avoid the multiple crossovers, 𝑘𝑑𝑟𝑜𝑜𝑝 should 

be selected as 𝑘𝑑𝑟𝑜𝑜𝑝 < 𝑚|∑ 𝑖𝑑𝑐,𝑗𝑙𝑗=1 | = 𝑚|∑ 𝑃0,𝑖𝑉𝑑𝑐0,𝑖𝑚𝑖=1  |.  
2) Droop gain selection considering the dc voltage 

balancing: The selection of 𝑘𝑑𝑟𝑜𝑜𝑝 should also consider the dc 

voltage balancing performance, otherwise the system may 
become unstable. To select a suitable 𝑘𝑑𝑟𝑜𝑜𝑝, the system model 

including the main circuits and control parts is developed. It is 
assumed that components of all SMs have identical parameters 
and that slight differences due to manufacturing tolerances are 
omitted. The total power/voltage of converter and the individual 
dc voltage of SMs can be independently controlled as an input-
series-output-parallel converter [29]. Thus, a single SM is 
chosen for tuning the droop gain. 

The state-space representation of the ith SM considering the 
current control loop is: 

𝑑𝑑𝑡 [  
  ∆𝑥𝑖𝑑_𝐼∆𝑥𝑖𝑞_𝐼∆𝑖𝑑𝑖∆𝑖𝑞𝑖∆𝑣𝑑𝑐𝑖 ]  

  = 𝐀 [  
  ∆𝑥𝑖𝑑_𝐼∆𝑥𝑖𝑞_𝐼∆𝑖𝑑𝑖∆𝑖𝑞𝑖∆𝑣𝑑𝑐𝑖 ]  

  + 𝐁𝛌 [∆𝑖𝑑𝑖∗∆𝑖𝑞𝑖∗∆𝑖𝑑𝑐]               (8) 
In the adopted notation, ‘∆’ stands for perturbed variables. 𝑖𝑑𝑖∗  is the reference of active current, 𝑖𝑞𝑖∗  is the reference of 

reactive current, 𝑖𝑑𝑐  is the dc link current, 𝑖𝑑𝑖  is the d-axis 
current, 𝑖𝑞𝑖 is the q-axis current, and 𝑣𝑑𝑐𝑖  is the dc voltage. 𝑥𝑖𝑑_𝐼 
and 𝑥𝑖𝑞_𝐼 are the outputs of the integral action of the current PI 

controller. The matrices A and B and their derivation processes 
are referred to equation (1), Section II-D in [23]. 𝛌 =𝑑𝑖𝑎𝑔 (3𝑉𝑠2 3𝑉𝑠2 1) is a diagonal matrix, where 𝑉𝑠 is the RMS 

value of grid voltage. 
The transfer function of ∆𝑖𝑑𝑖∗  to ∆𝑣𝑑𝑐𝑖  is given as ∆𝑣𝑑𝑐𝑖 = [𝐂1(𝑠𝐈 − 𝐀)−1𝐁′]⏟          𝐺1(𝑠) ∆𝑖𝑑𝑖∗ = 𝐺1(𝑠)∆𝑖𝑑𝑖∗         (9) 

where 𝐂1 = [0 0 0 0 1]. 𝐁′  has a dimension of 5×1, 
representing the first column vector of 𝐁𝛌. With use of the 
droop controller, there are 

   ∆𝑖𝑑𝑖∗ = 𝐺𝑃𝐼(𝑠)(∆𝑣𝑑𝑐,𝑖∗ − ∆𝑣𝑑𝑐,𝑖)              = 𝐺𝑃𝐼(𝑠)(−𝑘𝑑𝑟𝑜𝑜𝑝(∆𝑝𝑑𝑟𝑝,𝑖 − ∆𝑝0,𝑖) + ∆𝑣𝑑𝑐0,𝑖 − ∆𝑣𝑑𝑐,𝑖)  (10) ∆𝑝𝑑𝑟𝑝,𝑖 = 3𝑉𝑠2 ∆𝑖𝑑𝑖                                       (11) ∆𝑖𝑑𝑖 = [𝐂2(𝑠𝐈 − 𝐀)−1𝐁′]⏟          𝐺2(𝑠) ∆𝑖𝑑𝑖∗ = 𝐺2(𝑠)∆𝑖𝑑𝑖∗           (12) 

where 𝐂2 = [0 0 1 0 0] . ∆𝑣𝑑𝑐0,𝑖 = ∆𝑣𝑑𝑐02𝑁  and ∆𝑝0,𝑖 =
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∆𝑝02𝑁  are selected to achieve the dc voltage and power balancing. 𝐺𝑃𝐼(𝑠) = 𝐾𝑝𝑣𝑏𝑠+𝐾𝑖𝑣𝑏𝑠  is the outer-loop PI controller. Combining 

(9)−(12), the closed-loop transfer function of ∆𝑣𝑑𝑐0,𝑖 to ∆𝑣𝑑𝑐𝑖  
for the ith SM is obtained as 𝐺𝑣𝑏(𝑠) = ∆𝑣𝑑𝑐𝑖∆𝑣𝑑𝑐0,𝑖= 𝐺𝑃𝐼(𝑠)𝐺1(𝑠)1 + 1.5𝑘𝑑𝑟𝑜𝑜𝑝𝑉𝑠𝐺𝑃𝐼(𝑠)𝐺2(𝑠) + 𝐺𝑃𝐼(𝑠)𝐺1(𝑠)           (13) 
    The open-loop transfer function corresponding to (11) is 𝐺𝑣𝑏_𝑜𝑝𝑒𝑛(𝑠) = 𝐺𝑃𝐼(𝑠)𝐺1(𝑠)1 + 1.5𝑘𝑑𝑟𝑜𝑜𝑝𝑉𝑠𝐺𝑃𝐼(𝑠)𝐺2(𝑠)                (14) 

When 𝑘𝑑𝑟𝑜𝑜𝑝 is increased, the closed-loop poles’ trajectories 
of 𝐺𝑣𝑏(𝑠) are shown in Fig. 7. The main circuit and controller 
parameters used in the modelling are listed in Table I and II. 

 
 

TABLE I. PARAMETERS OF EACH C3L-NPC SM  
Power rating S 2.5 kVA DC link 

voltage 𝑉𝐷𝐶 
90 V  

RMS value of AC 
grid voltage  

415 V Transformer 
ratio 

Y-415 V/∆-41.5 V  

L inductance 0.5 mH DC capacitance  5400 F 

 

 
TABLE II. CONTROL PARAMETERS OF SMS 

Proportional parameter of 
d-axis current controller  

100 Integral parameter of d-axis 
current controller  

20 

Proportional parameter of  
q-axis current controller 

100 Integral parameter of q-axis 
current controller  

20 

Proportional parameter of dc 
voltage 

 balancing controller  

6.8 Integral parameter of dc 
voltage 

 balancing controller  

1000 

 
Fig. 7(a) shows the trajectories of three dominant closed-loop 

poles (𝜆1, 𝜆2 and 𝜆3) under positive power flow while Fig. 7(b) 
shows the zoom-in view where the threshold of the 𝑘𝑑𝑟𝑜𝑜𝑝 that 

makes system stable is displayed. The real part represents the 
exponential rate of decay, while the imaginary part represents 
the oscillation frequency. The left-half plane with negative real 
part denotes the stable region. The system will become unstable 
if the poles locate on the right-half plane. It can be seen that the 
dominant pole 𝜆3 will move to the right half s-plane (unstable 
region) with increase of 𝑘𝑑𝑟𝑜𝑜𝑝. As shown in Fig. 7(b), the 𝜆3 

reaches zero when 𝑘𝑑𝑟𝑜𝑜𝑝  is 0.0402, which is the threshold 

value of 𝑘𝑑𝑟𝑜𝑜𝑝 that makes the system stable.  

Fig. 8 shows the Bode diagram of 𝐺𝑣𝑏_𝑜𝑝𝑒𝑛(𝑠). In the Bode 

diagram, kdroop are changed from 0.008 to 0.038 to test the 
system performance under different droop slopes. As can be 
seen, 𝐺𝑣𝑏_𝑜𝑝𝑒𝑛(𝑠) has a lower bandwidth with increase of kdroop, 

which can affect the dc voltage balancing performance. 
Although dc voltage balancing can be improved with higher 
bandwidth using a smaller droop gain, the advantages of 
multiple-droop characteristics will be sacrificed. Thus, kdroop 
=0.023 is selected as the optimal gain 𝐾𝑑𝑟𝑜𝑜𝑝_𝑜𝑝𝑡 , which 

achieves a suitable trade-off between dc voltage balancing and 
multiple-droop characteristics.  

 
(a) 

 
(b) 

Fig. 7. Closed-loop poles’ trajectories in equation (13) as 𝑘𝑑𝑟𝑜𝑜𝑝 increases. (a) 

Dominant poles’ trajectories. (b) Zoom-in view of dominant poles’ trajectories. 
 

 
Fig. 8. Bode diagram of 𝐺𝑣𝑏_𝑜𝑝𝑒𝑛(𝑠) under different 𝑘𝑑𝑟𝑜𝑜𝑝. 

 

To further verify the selected 𝐾𝑑𝑟𝑜𝑜𝑝_𝑜𝑝𝑡, the root locus under 

uncertainties of component parameters is tested. The dc 
capacitance and ac inductance change from 80% to 120% of the 
nominal value, and the corresponding trajectories of dominant 
poles are shown in Fig. 9(a) and Fig. 9(b), respectively. It can 
be seen that the imaginary parts of 𝜆1  and 𝜆2  are obviously 
decreased as dc capacitance increases, while the poles have a 
slight change with increase of inductance. Nevertheless, for 
both cases, the dominant poles remain locating at the left-half s 
plane, which indicates the robustness of the system to parameter 
uncertainties.  

Therefore, to avoid multiple crossovers and to concurrently 
achieve dc voltage balancing, the 𝑘𝑑𝑟𝑜𝑜𝑝  of the narrow band 

should be selected as the lowest value of the result obtained 
from (7) and the threshold value in Fig. 7. 𝑘𝑑𝑟𝑜𝑜𝑝 = 𝑀𝑖𝑛 ( 𝑚|∑ 𝑖𝑑𝑐,𝑗𝑙𝑗=1 | , 𝐾𝑑𝑟𝑜𝑜𝑝_𝑜𝑝𝑡)       (15) 

 

 1
 2  3

 3 2
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                                 (a)                                                        (b) 

Fig. 9. Trajectories of dominant poles under uncertainties of dc capacitance and 
ac inductance. (a) Change of dc capacitance from 80% to 120% of the nominal 
value. (b) Change of ac inductance from 80% to 120% of the nominal value.  

C.  Secondary Power Compensator 

Since a smaller droop gain is used to avoid multiple 
crossovers, a potential large power offset may occur under the 
dynamic change of dc current. This reduces the accuracy of 
power control and sacrifices the advantages of using the narrow 
band in the piecewise droop control. In this section, a secondary 
power compensator is presented to compensate the potential 
large power offset. First, the mathematical model of the second 
power compensator is derived. Then, analyses are performed to 
justify the rationality of the adopted power compensator. It is 
indicated that the power compensation can be achieved without 
affecting the dynamics of droop control loop by using the LPF 
and suitably designing the controller gain. Finally, the transfer 
function of the system from input to output is derived for 
controller parameter tunning and stability analysis. 

As shown in the blue rectangular in Fig. 6, the secondary 
power compensator is embedded in each SM. It consists of a 
proportional gain kcomp and an LPF. The desired operating point 
P0,n is compared with the average power of SMs, the error is 
mitigated by kcomp through the feedback control loop. The LPF 
is used to filter the noises of the power. Also, the dynamics of 
the power compensator is decreased due to the use of LPF, so 
that the power compensating loop and the droop loop can be 
decoupled. The compensation term 𝑣𝑑𝑐0,𝑖𝑐  is superposed 

to 𝑣𝑑𝑐0,𝑖 to mitigate the drift of power flow. 𝑣𝑑𝑐0,𝑖𝑐  is obtained 

from a LPF and given as 

∆𝑣𝑑𝑐0,𝑖𝑐 = 𝑘𝑐𝑜𝑚𝑝 1𝜏𝑠 + 1⏟  LPF (∆𝑝𝑑𝑟𝑝,𝑎𝑣𝑔 − ∆𝑝0,𝑖)          (16) 
∆𝑝𝑑𝑟𝑝,𝑎𝑣𝑔 = ∑ ∆𝑝𝑑𝑟𝑝,𝑖𝑛𝑖=1 𝑛                          (17) 

where 𝑘𝑐𝑜𝑚𝑝 is the proportional gain of the compensator, 𝜏 
is the time constant of the LPF and 𝑝𝑑𝑟𝑝,𝑎𝑣𝑔  is the average 

power of all SMs. It is noted that the 𝑝𝑑𝑟𝑝,𝑎𝑣𝑔 in Fig. 6 is sent 

by the high-level controller, so there is a slight time delay. This 
delay is around 2 ms with Modbus based communication, 

which can be omitted since the bandwidth of the power 
compensator loop is much lower. Thus the dynamics due to the 
communication delay has been omitted in the model. After 
adding the compensator, ∆𝑖𝑑𝑖∗  in (10) is expressed as ∆𝑖𝑑𝑖∗ = 𝐺𝑃𝐼(𝑠)(∆𝑣𝑑𝑐,𝑖∗ − ∆𝑣𝑑𝑐,𝑖)          = 𝐺𝑃𝐼(𝑠) (−𝑘𝑑𝑟𝑜𝑜𝑝(∆𝑝𝑑𝑟𝑝,𝑖 − ∆𝑝0,𝑖 )+ ∆𝑣𝑑𝑐0,𝑖 + 𝑘𝑐𝑜𝑚𝑝𝜏𝑠 + 1 (∆𝑝𝑑𝑟𝑝𝑎𝑣𝑔 − ∆𝑝0,𝑖)− ∆𝑣𝑑𝑐,𝑖)                                                     (18) 
     Combining (9), (11), (12) and (18), we can obtain the 
sensitivity of ∆𝑝𝑑𝑟𝑝,𝑖  to ∆𝑣𝑑𝑐,𝑖  by setting ∆𝑝0,𝑖  and ∆𝑣𝑑𝑐0,𝑖  to 

zero. The sensitivity of ∆𝑝𝑑𝑟𝑝,𝑖 to ∆𝑣𝑑𝑐,𝑖  in each SM is shown 

in (19). Summing up all equations in (19) yields the sensitivity 
of the total output power (∆𝑝𝑑𝑟𝑝) to the dc link voltage (∆𝑣𝑑𝑐) 
which is shown in (20). 

{  
  ∆𝑣𝑑𝑐,1 = −𝐺1(𝑠)𝐺𝑃𝐼(𝑠)1+𝐺1(𝑠)𝐺𝑃𝐼(𝑠) (𝑘𝑑𝑟𝑜𝑜𝑝∆𝑝𝑑𝑟𝑝,1 − 𝑘𝑐𝑜𝑚𝑝𝜏𝑠+1 ∆𝑝𝑑𝑟𝑝_𝑎𝑣𝑔)∆𝑣𝑑𝑐,2 = −𝐺1(𝑠)𝐺𝑃𝐼(𝑠)1+𝐺1(𝑠)𝐺𝑃𝐼(𝑠) (𝑘𝑑𝑟𝑜𝑜𝑝∆𝑝𝑑𝑟𝑝,2 − 𝑘𝑐𝑜𝑚𝑝𝜏𝑠+1 ∆𝑝𝑑𝑟𝑝_𝑎𝑣𝑔)∆𝑣𝑑𝑐,𝑛 = −𝐺1(𝑠)𝐺𝑃𝐼(𝑠)1+𝐺1(𝑠)𝐺𝑃𝐼(𝑠) (𝑘𝑑𝑟𝑜𝑜𝑝∆𝑝𝑑𝑟𝑝,𝑛 − 𝑘𝑐𝑜𝑚𝑝𝜏𝑠+1 ∆𝑝𝑑𝑟𝑝_𝑎𝑣𝑔)(19) 

∆𝑣𝑑𝑐 = −𝐺1(𝑠)𝐺𝑃𝐼(𝑠)1+𝐺1(𝑠)𝐺𝑃𝐼(𝑠)∑(𝑘𝑑𝑟𝑜𝑜𝑝∆𝑝𝑑𝑟𝑝,𝑖 − 𝑘𝑐𝑜𝑚𝑝𝜏𝑠+1 ∆𝑝𝑑𝑟𝑝_𝑎𝑣𝑔)𝑛
𝑖=1            = −𝐺1(𝑠)𝐺𝑃𝐼(𝑠)1+𝐺1(𝑠)𝐺𝑃𝐼(𝑠) (𝑘𝑑𝑟𝑜𝑜𝑝 − 𝑘𝑐𝑜𝑚𝑝𝜏𝑠+1 )∆𝑝𝑑𝑟𝑝                         (20) 

In (20), due to the low-pass filtering effect of 
𝑘𝑐𝑜𝑚𝑝𝜏𝑠+1 , the 

power compensator has little impact on the sensitivity of the 
power against dc voltage and hence, the droop characteristic is 
still determined by 𝑘𝑑𝑟𝑜𝑜𝑝.   

 The 𝑘𝑐𝑜𝑚𝑝  can be reasonably selected by studying the 

transfer function of the secondary power compensating loop. 
Combining (9), (11), (12) and (18), the relationship between ∆𝑝𝑖0 and ∆𝑝𝑑𝑟𝑝,𝑖 is given in (21) at the bottom of this page.  

 Combining all equations in (21) yields (22). By rearranging 
(22), the closed-loop transfer function of ∆𝑝0  to ∆𝑝𝑑𝑟𝑝  is 

obtained as 𝐺𝑃(𝑠) = ∆𝑝𝑑𝑟𝑝∆𝑝0 = 3𝑉𝑠𝐺𝑃𝐼(𝑠)𝐺2(𝑠)(𝑘𝑑𝑟𝑜𝑜𝑝 − 𝑘𝑐𝑜𝑚𝑝𝜏𝑠+1 )2(1 + 𝐺1(𝑠)𝐺𝑃𝐼(𝑠)) + 3𝑉𝑠𝐺𝑃𝐼(𝑠)𝐺2(𝑠)(𝑘𝑑𝑟𝑜𝑜𝑝 − 𝑘𝑐𝑜𝑚𝑝𝜏𝑠+1 ) (23) 
    The open-loop transfer function corresponding to (21) is 𝐺𝑃_𝑜𝑝𝑒𝑛(𝑠) = 3𝑉𝑠𝐺𝑃𝐼(𝑠)𝐺2(𝑠)(𝑘𝑑𝑟𝑜𝑜𝑝 − 𝑘𝑐𝑜𝑚𝑝𝜏𝑠+1 )2(1 + 𝐺1(𝑠)𝐺𝑃𝐼(𝑠))                 (24) 

The closed-loop pole trajectory with increase of 𝑘𝑐𝑜𝑚𝑝  is 

shown in Fig. 10.  

{  
  ∆𝑝𝑑𝑟𝑝,1 = 3𝑉𝑠𝐺𝑃𝐼(𝑠)𝐺2(𝑠)2(1+𝐺1(𝑠)𝐺𝑃𝐼(𝑠))+3𝑘𝑑𝑟𝑜𝑜𝑝𝑉𝑠𝐺𝑃𝐼(𝑠)𝐺2(𝑠)(∆𝑝10(𝑘𝑑𝑟𝑜𝑜𝑝 + 𝑘𝑐𝑜𝑚𝑝𝜏𝑠+1 ) + 𝑘𝑐𝑜𝑚𝑝𝜏𝑠+1 ∆𝑝𝑑𝑟𝑝_𝑎𝑣𝑔)∆𝑝𝑑𝑟𝑝,2 = 3𝑉𝑠𝐺𝑃𝐼(𝑠)𝐺2(𝑠)2(1+𝐺1(𝑠)𝐺𝑃𝐼(𝑠))+3𝑘𝑑𝑟𝑜𝑜𝑝𝑉𝑠𝐺𝑃𝐼(𝑠)𝐺2(𝑠) (∆𝑝20(𝑘𝑑𝑟𝑜𝑜𝑝 + 𝑘𝑐𝑜𝑚𝑝𝜏𝑠+1 ) + 𝑘𝑐𝑜𝑚𝑝𝜏𝑠+1 ∆𝑝𝑑𝑟𝑝_𝑎𝑣𝑔)∆𝑝𝑑𝑟𝑝,𝑛 = 3𝑉𝑠𝐺𝑃𝐼(𝑠)𝐺2(𝑠)2(1+𝐺1(𝑠)𝐺𝑃𝐼(𝑠))+3𝑘𝑑𝑟𝑜𝑜𝑝𝑉𝑠𝐺𝑃𝐼(𝑠)𝐺2(𝑠) (∆𝑝𝑛0(𝑘𝑑𝑟𝑜𝑜𝑝 + 𝑘𝑐𝑜𝑚𝑝𝜏𝑠+1 ) + 𝑘𝑐𝑜𝑚𝑝𝜏𝑠+1 ∆𝑝𝑑𝑟𝑝_𝑎𝑣𝑔)                                 (21) 

   ∑ ∆𝑝𝑑𝑟𝑝,𝑖𝑛𝑖=1 = 3𝑉𝑠𝐺𝑃𝐼(𝑠)𝐺2(𝑠)2(1+𝐺1(𝑠)𝐺𝑃𝐼(𝑠))+3𝑘𝑑𝑟𝑜𝑜𝑝𝑉𝑠𝐺𝑃𝐼(𝑠)𝐺2(𝑠)(∑ ∆𝑝𝑖0𝑛𝑖=1 (𝑘𝑑𝑟𝑜𝑜𝑝 + 𝑘𝑐𝑜𝑚𝑝𝜏𝑠+1 ) + 𝑛𝑘𝑐𝑜𝑚𝑝𝜏𝑠+1 ∆𝑝𝑑𝑟𝑝_𝑎𝑣𝑔)                          (22) 
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Fig. 10. Closed-loop poles’ trajectories in e uation (23) as 𝑘𝑐𝑜𝑚𝑝 increases. 

 

As can be seen in Fig. 10, a pair of conjugate poles will move 
to the right half s-plane when 𝑘𝑐𝑜𝑚𝑝 is greater than 0.185. Thus 

the 𝑘𝑐𝑜𝑚𝑝  should be selected less than the upper bound. To 

decouple the dynamics between the secondary power 
compensating loop and the droop control loop, the response 
speed of the secondary power compensating loop should be 
5− 0 times slower than that of the droop control loop. The open 
loop Bode diagram of the secondary power compensator 
(𝐺𝑃_𝑜𝑝𝑒𝑛(𝑠)) with 𝑘𝑐𝑜𝑚𝑝 =0.085 is shown in Fig. 11. The cut-off 

frequency of 𝐺𝑃_𝑜𝑝𝑒𝑛(𝑠) is 20 rad/s, which has 1/10 times the 
bandwidth of the droop control loop (by comparing the red solid 
line and green dashed line in Fig.11). Thus, the dynamics of the 
two control loops can be decoupled. Therefore, 𝑘𝑐𝑜𝑚𝑝 = 0.085 

is used for the case study of simulation in Section V. 

 
Fig. 11. Bode plots of 𝐺𝑣𝑏_𝑜𝑝𝑒𝑛(𝑠) and 𝐺𝑃_𝑜𝑝𝑒𝑛(𝑠) with 𝑘𝑐𝑜𝑚𝑝 =0.085, 𝜏 = 0.1. 

V.  SIMULATION AND EXPERIMENTAL STUDIES  

A.  Simulation Verification  

The simulation is conducted in MATLAB/Simulink for the 
three-terminal system shown in Fig.2, including two C3L-NPC 
converters (Stations 1 and 2) and a converter operated as a 
controllable current source (Station 3). Both C3L-NPC 
converter stations work under 𝑃 − 𝑉𝑑𝑐 droop control while the 
converter station 3 under dc current control. To verify the 
presented methods, three studies are performed: 

• Study 1: The droop control is implemented without 
optimized tuning of droop gain (see Fig. 12). 

• Study 2: The droop control is implemented with 
optimized tuning of droop gain by considering 
multiple crossovers and dc voltage balancing across 
SMs (see Fig. 13). 

• Study 3: The second power compensator is added to 
improve the power flow accuracy (see Fig. 14 and Fig. 
15). 

The power and voltage references of the droop controller for 
all the case studies (Fig. 12 to Fig. 15) are 𝑃0 = 10 kW and 𝑉𝑑𝑐0=360 V, respectively. The dc current reference for the dc 
current-controlled converter is set as 𝐼𝑑𝑐0=55 A. Considering 
the potential overshoot at the start-up stage, the dc current 
references are modified using ramp functions with slopes of 
137.5 A/s to achieve a smooth dynamic behavior, as opposed to 
step changes. The minimum voltage is set as 280 V (70 V for 
each SM). When dc voltage falls below 280 V, the control mode 
is switched to constant dc voltage control so that the dc voltage 
is maintained at 280 V.  

Figs. 12 to 15 show the dc current output from the converter 
station 3 and the dc voltage and power of the C3L-NPC 
converter of Stations 1 and 2. Fig. 12 shows the case of multiple 
crossovers when 𝑘𝑑𝑟𝑜𝑜𝑝  of the narrow band is 0.06, which is 

less than the value defined in (15). In Fig. 12(a), the dc current 
can track the reference with a slight error. Due to the multiple 
crossovers, the operating points of power and dc voltage deviate 
from the given references. In Fig. 12(b), the power shifts from 
the setting point by around 2.8 kW. In Fig. 12(c), the dc voltage 
decreases to the minimum voltage (280 V) according to the 
droop curve.  

Fig. 13 shows that the multiple crossovers are eliminated 
when 𝑘𝑑𝑟𝑜𝑜𝑝 is properly selected as 𝑘𝑑𝑟𝑜𝑜𝑝=0.023. As seen in 

Fig. 13(b) and (c), the operating power and voltage are much 
closer to the references compared with Fig. 12. The error of 0.7 
kW in active power is caused by the steady-state error of 
controller rather than the multiple crossovers. Also, the dc 
voltage across SMs is balanced well, as shown in Fig. 13(d). 

Fig. 14 shows the accuracy of power flow is deteriorated 
under dynamic change of dc current when the secondary power 
compensator is not used. In Fig. 14(a), the current reference of 
the current-controlled converter has a slight change from 55 A 
to 40 A after 0.7s. Since a smaller 𝑘𝑑𝑟𝑜𝑜𝑝 is used, the power 

flow become higher sensitive to a perturbation in dc current. As 
a consequence, a power drift of 4 kW arises in Fig. 14(b), which 
proves that the power control accuracy of the narrow band 
becomes worse. 
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Fig. 12. Multiple crossovers when 𝑘𝑑𝑟𝑜𝑜𝑝 is 0.06. (a) dc current. (b) total power. 

(c) dc link voltage. (d) SMs’ dc voltages. 
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Fig. 13. No multiple crossovers when 𝑘𝑑𝑟𝑜𝑜𝑝 is 0.023. (a) dc current. (b) total 

power. (c) dc link voltage. (d) SMs’ dc voltages. 
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Fig. 14. Power drift under dynamic change of dc current without using 
secondary power compensating controller. (a) dc current. (b) total power. (c) dc 
link voltage. (d) SMs’ dc voltages. 
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Fig. 15. Improved power control accuracy with using secondary power 
compensating controller. (a) dc current. (b) total power. (c) dc link voltage. (d) 
SMs’ dc voltages. 

Fig. 15 shows the improved performance after implementing 
the secondary power compensator. As can be seen, although the 
dc current drops down, the power can be nearly restored to the 
desired value by increasing the dc voltage (see Fig. 15(c) and 
(d)). Thus, the secondary compensating loop is useful for the 
application where an accurate power control is required. 

 
(a) 

 
(b) 

 
(c) 

 
Fig. 16. Comparisons between scaled-down converters and full-scale 
converters in ANGLE-DC project under per-unit values. (a) dc link current. 
(b) dc link voltage. (c) active power. 

 

The comparisons between scaled-down C3L-NPC converters 
and full-scale converters in ANGLE-DC project under per-unit 
values are shown in Fig. 16. In time 0.7 s, the reference of dc 
current has a step change from 1 p.u to 0.8 p.u. The dc voltage 
and power have a transient drop as a consequence. Due to the 
effect of the power compensator, the power will increase and 
restore to around 0.85 p.u after time 0.75 s. The scaled-down 
and full-scale simulation have similar performance with a slight 
mismatch in dynamic response. 

B.  Experimental Validation  

The presented control schemes were experimentally 
validated using a three-terminal MVdc testbed consisting of 
two C3L-NPC converter stations and a dc power supply. The 
hardware configuration of the system is shown in Fig. 17. 

The C3L-NPC converters were a scaled-down physical 
replica of the ANGLE-DC MVdc converters to accurately 
emulating the real system response [23]. For each C3L-NPC 
converter station, two 3L-NPC SMs were cascaded to build a 
180 V dc link voltage, with each SM is operated at 90 V. A 
power amplifier (PA-3*3000-AB/260/2G) is used to establish 
the ac voltage (415 V/50 Hz) for the C3L-NPC converter 
stations. The dc power supply is EA-PS 9200-25 rated at 1.5 
kW. The dc power supply is operated in current source mode to 
provide desired dc current. Since the operation conditions of the 
two C3L-NPC converters are identical, only the measurements 
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of one C3L-NPC converter are presented in the results. 

 
 

Fig. 17. Three-terminal MVdc configuration, including two C3L-NPC 
converter stations and a dc power supply operated at current-controlled mode.  
 

Fig. 18 shows the waveforms under multiple crossings. The 
references of each C3L-NPC converter station are set as 𝑃0 =750 W and 𝑉𝑑𝑐0=180 V, and the current of dc power supply is 
adjusted from 0 to around 8.3 A. A set of comparative tests was 
conducted to verify the selection of 𝑘𝑑𝑟𝑜𝑜𝑝  with and without 

considering multiple crossovers. As the threshold is 
2|𝑖𝑑𝑐| =28.3 =0.24, a 𝑘𝑑𝑟𝑜𝑜𝑝 larger than the threshold (e.g., 𝑘𝑑𝑟𝑜𝑜𝑝=0.36) 

and a 𝑘𝑑𝑟𝑜𝑜𝑝 smaller than the threshold (e.g., 𝑘𝑑𝑟𝑜𝑜𝑝=0.072) are 

selected for case studies in Figs. 18 and 19. In Fig. 18(a), due 
to the existence of multiple crossings, the dc voltage of each 
SM at steady state is 80 V, which is 10 V less than the given 
voltage. In Fig. 18(b), the steady-state power is around 1.25 
kW, which is 0.25 kW less than the given value.  

 

 
(a) 

 
(b) 

Fig. 18. Waveforms when 𝑘𝑑𝑟𝑜𝑜𝑝 is set to 0. 36. (a) Currents and dc voltages. 

(b) Output power from dc power supply. 
 

The multiple crossings are avoided in Fig. 19 when 𝑘𝑑𝑟𝑜𝑜𝑝 

decreases to 0.072, less than 0.24. As seen in Fig. 19(a) and (b), 
the drifts of dc voltage and power are effectively mitigated and 
thus the desired operating point is achieved. Compared with the 
Fig. 18(b), the steady power has been improved by around 15%. 
Also, the SMs’ dc voltages are well balanced. 

 
(a) 

 
(b) 

Fig. 19. Waveforms when 𝑘𝑑𝑟𝑜𝑜𝑝 is set to 0.072. (a) Currents and dc voltages. 

(b) Output power from dc power supply. 

 
(a) 

 
(b) 

Fig. 20. Waveforms under dc current change, with and without secondary 
power compensator. (a) Currents and dc voltage. (b) Output power from dc 
power supply. 
 

Fig. 20(a) shows the deterioration of accuracy of power flow 
under dynamic changes of dc current and the improved 
performance after enabling the secondary power compensator. 
The dc current changes from around 8 A to 7.2 A after time -20 
s. Consequently, there is a 200 W power drift (see Fig. 20(b)) 
due to a dynamic change of dc current without using the 
secondary power compensator. To pursue an accurate power 
control performance, the secondary power compensating 
controller is enabled after time 16 s. The power quicky restores 
to the similar level of the original operating point. In Fig. 20(b), 
the power control accuracy has been improved by about 13% 
through comparing the power with and without using the power 
compensator under the change of dc current after time -20 s. As 

without power compensator

with power 
compensator
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dc voltage is inevitably increased, the overvoltage protection 
should be considered according to the requirements in real 
applications. From the perspective of power accuracy, the 
presented methods are validated to be effective. 

VI.  CONCLUSION 

Multiple crossovers may exist in a multi-terminal MVdc 
system with decentralized control. This can cause significant 
voltage and power drifts, raising concerns of safe operation of 
the system. This paper first analyzed the voltage and power 
drifts in the multiple crossovers. Then, a suitable control 
scheme was presented to avoid the multiple crossovers and 
concurrently, to achieve dc voltage balancing across SMs and 
the accuracy of power flow for C3L-NPC converters. 

 Multiple crossovers may appear when C3L-NPC converters 
adopt the voltage−power droop control while another converter 
adopts the constant dc current control. Through analysis on the 
physical mechanism, the normal operating point is unstable in 
multiple crossovers, and may move away due to a disturbance. 
This leads to large power and voltage drifts, which are not 
desired in practical applications. 

Decreasing the droop gain is beneficial for both eliminating 
multiple crossovers and improving dc voltage balancing 
performance, but this is at the cost of decreasing the accuracy 
of power flow. To address such a trade-off, in the first step, the 
droop gain was properly selected by considering the multiple 
crossovers and dc voltage balancing performance.  The small-
signal analysis is used to design the droop gain to achieve 
satisfactory bandwidth and phase margin. In the second step, a 
secondary power compensator was used to ensure the accuracy 
of power control. Thus the power restores to the given reference 
after suffering from a disturbance such as a dynamic change of 
dc current. The theoretical analyses and presented control 
methods have been verified by MATLAB simulation and also 
experimentally validated using a 1.5 kW three-terminal MVdc 
testbed, which is down scaled from the ANGLE-DC project.   
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