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Abstract. DC/DC boost converters are usually used to 
interface the DC output of modern distributed generation 
resources with the AC system. Distributed generation modules 
are aggregated to yield the necessary power using either 
parallel or cascaded architecture. Detailed modeling of an 
interconnection system incorporating cascaded architecture 
has not been considered in previous researches. In this paper, 
suitable control systems for cascaded architecture of power 
electronic converters in an interconnection system have been 
studied and modeled in detail. Simulation results indicate the 
effectiveness of the proposed control systems. 
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1.  Introduction 
 

The interest in Distributed Generation (DG) systems is 
increasing due to technical, economical and environmental 
merits. Modern DG systems include emerging technologies 
(e.g., fuel cell (FC) and microturbine (MT)) and renewable 
technologies (e.g., photovoltaic (PV) and wind power 
(WP)). A DG resource incorporates the prime mover and 
the primary energy converter.  

It must be noted that considering technical and 
economical issues of available energy conversion systems, 
the AC power from alternators in MT and WP resources is 
best applied by rectifying to DC using uncontrolled diode 
rectifiers [1], [2]. As a result, the primary energy converter 
in most MT and WP resources includes the alternator and a 
diode rectifier. The collection of all equipment and 
functions, taken as a group, used to interconnect a DG 
resource to the AC utility grid is named as Interconnection 
System (ICS) [3]. As most DG resources generate either 
DC or incompatible AC power, the ICS incorporates power 
electronic conversion systems to interface with standard 50 
(or 60) Hz AC utility grid.  

 
The DG active power demand is specified by the 

command from a local energy manager which considers 

various technical and economical criteria, e.g. maximum 
efficiency operation or cogeneration requirements in FC 
and MT [4], maximum power point tracking in PV and 
aerodynamic efficiency optimization in WP systems [1]. 
The energy manager can also be coordinated with 
operational and market functions of the AC utility grid by 
using interfaces with the Distribution Network Operator 
(DNO) and Market Operator (MO) [5]. Note that a robust 
power generation system must have an efficient amount of 
inertial storage to satisfy the initial energy balance as the 
power demand increases without penalizing the quality of 
other network quantities [1]. 

 
 Thus, the inertial storage is required to stabilize the 

prime mover response to system variations and active 
power unbalancing. For example, the inertial storage of an 
AC synchronous generator is provided by the rotor kinetic 
energy. The DG prime movers may have fast response 
(e.g., PV and WP prime movers) or slow response (e.g., FC 
and MT prime movers). However, DG primary energy 
converters are low inertia or virtually inertia-less. Thus, DG 
resources are usually combined with energy storage 
systems (e.g., batteries and capacitors) to improve the 
dynamic performance of the overall system. The 
combination of DG and storage systems forms a hybrid 
system which is usually named as microsource [1], [6]. As 
a result, the microsource can provide a robust response to 
changes in the energy manager command. The storage 
system can be chosen to represent the virtual inertia of the 
DG system as desired.  

 
The desired amount of inertial storage is stored in a DC 

or AC link implemented in the ICS of DG systems. In the 
AC link of ICS, High Frequency AC (HFAC), typically 
more than 20 kHz has been selected due to easier filtering 
of higher order harmonics as well as smaller size and lower 
cost of passive components. However, the HFAC systems 
have expensive special transformers, complex control 
structures for AC/AC matrix converters and interaction 
problems in high frequency converters. As a result, DC link 
ICS is preferable to HFAC link ICS [7], [8].  
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2. ICS of Aggregated DG Module Systems 
 
As voltage source converters have several advantages 

over current source converters the DC link is connected to 
the AC utility grid by a Voltage Source Inverter (VSI) [1], 
[6], [9]. Considering the inductive termination at the AC 
side of the VSI, the DC link should be capacitive to avoid a 
cut set of voltage or current sources during converter 
switching.  

 
The capacitors in a capacitive DC link are usually 

named as DC capacitors. In order to use the DC capacitors 
to provide the required inertial storage for a microsource, 
the energy manager command should be applied to the VSI 
control system. In this way, a DG system with capacitive 
DC link ICS can be considered as a microsource. The DC 
link voltage must be maintained within specified limits to 
ensure the stable and continuous operation of the VSI and 
avoid the complexity of variable DC voltage systems. 
Following a change in the energy manager command, the 
active power of the VSI changes and as a result, the DC 
capacitors release or absorb energy. Thus, the DC link 
voltage will change. In order to maintain the DC voltage 
within acceptable limits, a DC voltage control system is 
required to regulate the DG resource power and to restore 
the active power balance. Thus, the command from DC 
voltage controller should be applied to the DG module 
converter. As a result, the DC voltage controller is 
implemented for the DG module converter.  

 
Available low power DG modules can be connected 

electrically to yield the necessary power in high power 
applications. One approach is to connect each DG system 
separately to the AC utility grid using independent VSI 
systems. However, using a single VSI for all DG modules 
brings the advantages of reduced cost, reduced losses as 
well as easier design and control of the ICS [4], [8], [10]. 
Thus, the DG module systems should be aggregated to 
provide the DC input voltage for the VSI. There are several 
options to aggregate DG module systems. In order to 
achieve independent control and fault tolerant operation of 
DG modules, each DG module should have its own power 
converter to interface with the DC link. In other words, DG 
modules are connected separately to the DC link using 
independent DG module converters. The output terminals 
of DG module converters at the DC link side can be 
connected in parallel or series to control the DC input 
voltage of the VSI. The structure using parallel and series 
connected DG module converters is known as DC bus and 
cascaded architecture, respectively.  

 
In the DC bus architecture, circulating currents may 

occur resulting in increased losses and interference with 
system operation [8], [10]. Complex design algorithms are 
required to prevent the possible circulating currents. The 
control system in cascaded architecture is less complex due 
to absence of circulating currents. Furthermore, the power 
switches in series connected DG module converters have 

lower voltage ratings and consequently much lower cost 
than the switches in parallel connected converters [8]. As a 
result, cascaded architecture is preferable to the DC bus 
architecture from technical and economical viewpoints. But 
from reliability point of view, the system unavailability in 
the case of single converter failure is high for cascade 
architecture. 

 
Detailed modeling of an interconnection system based 

on cascaded architecture is not considered in previous 
researches. In this paper, suitable control systems for 
converters in cascaded architecture are modeled and 
studied in details.  

Fig. 1 illustrates the ICS of multiple DG modules 
which has been studied in this paper. DG primary energy 
converters, i.e. FC stacks, PV arrays or alternators with 
diode rectifiers in MT and WP resources, generate DC 
power. Thus, DC/DC boost converters are usually used as 
DG module converters [1], [2]. Each boost converter has a 
capacitor at the DC link side. 
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Fig. 1.  Interconnection system of cascaded DG modules 

 
As a result, the combination of a DG resource module 

and its interface boost converter forms a microsource 
module. In this paper, the microsources are assumed to 
have equal ratings. The case of the unequal ratings of the 
microsources will be studied in the future works. 

 
3.  Control Structure of ICS Converters  
 

The converters which control a DC link voltage are 
named as source converters or regulators [11]. The most 
commonly used DC voltage control method for regulators 
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is the droop controller. This control method has the 
following advantages over other methods:  
 

• It does not need any fast communication systems, 
• Its design procedure is simpler and                    

straightforward, and 
• It can fulfill the stability requirements easier. 

 
The droop controller provides the set point for either a 

power controller or a current controller. The power 
controller is usually based on open loop Pulse Width 
Modulation (PWM) techniques, such as triangular carrier 
PWM. The current controller is a closed loop PWM 
scheme, such as Hysteresis Current Control (HCC), linear 
PWM, predictive controllers, optimized controllers, neural 
network and fuzzy logic controller systems.  

 
In comparison to open loop PWM techniques, closed 

loop PWM schemes have several considerable advantages, 
such as extremely good dynamics, instantaneous peak 
current control and prevention of overload and pulse 
dropping problems [12]. Thus, closed loop PWM schemes 
are commonly used in power converters. As a result, the 
droop controller specifies the set point for the current 
controller.  

 
Note that stability requirements of the DC link should 

be considered in the design of control systems for 
regulators. A very simple method for DC capacitor design 
is presented in [11]. HCC is the simplest closed loop PWM 
structure and has unconditional large signal stability which 
is provided by maintaining the current errors within the 
hysteresis band. Thus, HCC has been selected in this paper. 
For each boost converter, the droop controller provides the 
reference current for the HCC system, the HCC scheme 
controls the current of the boost converter inductor.  

 
The control system of the VSI incorporates a power 

regulation system to regulate the active and reactive powers 
of the VSI. The reference active power for the VSI is 
produced by the energy manager and the reference reactive 
power for the VSI is specified by its reactive power 
manager which usually considers operation at unity power 
factor [9]. There are two methods to regulate the VSI active 
and reactive powers: average power regulation and 
instantaneous power regulation [13]. The instantaneous 
power regulation has much faster response in comparison 
to average power regulation. Thus, instantaneous power 
regulation has been used for the VSI in this paper. As a 
result, the reference currents for the closed loop PWM 
scheme of the VSI are calculated using instantaneous active 
and reactive powers concept.  

 
The instantaneous powers can be expressed in either 

synchronous or stationary reference frame. In Flexible DG 
(FDG) converters, synchronous frame is applied and the 
synchronous transformation angle is calculated using the 
stationary frame transformation [9]. In this paper, only the 

stationary frame is used as it is much simpler than the 
synchronous frame transformation.  

 
As stated before, the energy manager determines the 

active power of the VSI. The amount of active power that 
each microsource contributes to the overall VSI active 
power is determined by the load sharing strategy 
implemented in the control systems of boost converters. A 
proper load sharing for multi-converter systems results in 
equal per-unit loading of regulators [11]. This approach has 
been used for the load sharing of microsources in this 
paper, too. Thus, as the microsources have equal ratings, 
the active powers of microsources should be equal.  

 
4. Control System of Boost Converters  
 

The proposed control system for each boost converter 
is illustrated in Fig. 2. The DC voltage droop controller 
specifies the reference current *

dg
i  for the HCC scheme. 

The HCC system regulates the boost converter inductor 
current, dgi , within the hysteresis band. 

 
The terminal characteristic or droop characteristic of a 

regulator is defined at the DC link side of the regulator as 
follows:  
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Fig. 2.  Proposed control system for each boost converter 

 
dcd

*
dcdc IRVV −=                                 (1)                   

 
where dcV , dcI , *

dcV  and dR  are steady state terminal 
voltage, steady state terminal current, setpoint for terminal 
voltage and droop coefficient of the boost converter, 
respectively. 

 
Using (1), the steady state active power mP  of each 

boost converter can be obtained as follows: 
 








 −
⋅=

d

dc
*

dc
dcm R

VVVP                             (2)                   

 
Equation (2) can be used to verify the simulation 

results for steady state active power of each microsource 
module. As it can be seen from (2), control system 
parameters of the boost converters should be identical to 
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obtain equal loading, i.e. proper load sharing of 
microsources. 

The droop, δ , is defined for each boost converter as 
follows: 

%
V

VV
*

dc

dc
*

dc 100×
−

=δ                             (3)          

The droop coefficient is selected to obtain an 
acceptable droop at rated power operation. The capacitor of 
each boost converter is designed to give the droop 
controller the performance of a Butterworth filter. Thus, the 
capacitor dcC  for each boost converter is obtained by the 
following equation [11]: 

 

LPd
dc R

C
ω⋅

=
2                                    (4)                                               

 
Where LPω  is the break-over frequency of the low pass 

filter used to measure the DC terminal voltage of the boost 
converter.  

 
The inductor of each boost converter is designed to 

make its current track the reference current within the 
hysteresis band. Thus, the inductor L  for each boost 
converter is obtained by the following equation [14]: 

 

max,s

*
dc

fh
VL
⋅

=
4                                      (5)                                             

 
Where h  is the hysteresis band and max,sf  is the 

maximum switching frequency of the boost converter.  
 

5.  Control System of VSI  
 
The control system of the VSI is shown in Fig. 3. 

Considering the definition of instantaneous active and 
reactive powers in the stationary frame (αβ -frame), we 
have [13]: 
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                        (6) 

 
Where *P  and *Q  are the reference active power and 

the reference reactive power. αv  and βv  indicate the 
stationary frame voltages obtained from the line-to-line 
voltages of the AC utility grid. *iα  and *iβ  are the reference 
currents in the stationary frame which are transformed to 
three phase reference currents and fed into the HCC 
scheme.  

 
6. Simulation Results 

 
The system shown in Fig. 1 has been modeled and 

simulated by PSCAD/EMTDC. The rated power of each 

microsource module is 10 kW. Thus, the overall system is 
an aggregate microsource of 50 kW. 
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Fig. 3.  Proposed control system for VSI 
                              

The control system of each boost converter is 
implemented as shown in Fig. 2.  For each boost converter, 
the DC voltage set point is 150 V, the droop coefficient is 
designed to obtain a 5%  droop at rated power operation. 
The capacitor at the DC link side and the inductor at the 
DG module side have been designed using equations (4) 
and (5). The control system of the VSI is implemented as 
illustrated in Fig. 3. The HCC scheme of the VSI is 
designed according to [9]. The reference reactive power of 
the VSI is equal to zero. Each boost converter assumes to 
work with 90%  its rating power. 

 
The system performance under considerable changes in 

the energy manager command has been studied here. Fig. 4 
shows the VSI active power changes because of changes of 
power command at t=0.15 s and t=0.35 s.  

 

 
 

Fig. 4.  Active power of VSI 
 

As shown in Fig. 5, the DC terminal voltage of each 
boost converter is decreased as the VSI active power is 
increased, and vice versa, but it remains within its specified 
limits. The instantaneous active powers of the DG modules, 
as shown in Fig. 6, are equal. These results indicate the 
effectiveness of the control system, shown in Fig. 2, for 
boost converters, to provide proper DC link voltage 
regulation and proper load sharing of microsources. 
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Fig. 5.  DC terminal voltages of boost converters 
 

 
 

Fig. 6.  Active powers of DG modules 
 

The reactive power of the VSI, as shown in Fig. 7, is 
approximately equal to zero and independent from changes 
in the energy manager command. This indicates the 
effectiveness of control system, shown in Fig. 3, for 
reactive power regulation. 

 

 
 

Fig. 7.  Reactive power of VSI 
 

In the steady state condition, as shown in Fig. 5 and 
Fig. 6, we have Vdc=145.6 kV and Pm=9.1 kW. These 
results can be verified by equation (2), too. 

 
6. Conclusion 
 

The cascaded architecture for aggregation of DG 
modules is preferable to the DC bus architecture from 
economical and control complexity viewpoints. In this 
paper, the control system for converters in an ICS based 
cascaded architecture has been studied. The DG resource 
converter with the ICS is a DC/DC boost converter. For DC 
voltage control in each boost converter, droop controller 
method is used as it simply provides stable operation and 
proper load sharing of DG modules without requiring fast 
communication systems. For PWM in each boost converter, 

 

HCC method is used to simplify the fulfillment of 
interconnection system stability requirements.  

 
For PWM of the VSI, HCC method is used as it is the 

simplest PWM scheme to have both fast response and 
insensitivity to system parameters variations required for 
converters in distribution system applications. An ICS 
based on cascaded architecture using the proposed control 
systems is modeled in detail. Simulation results indicate 
that the proposed control system for cascaded boost 
converters can provide remarkable DC voltage regulation 
and proper load sharing. 
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