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Abstract—The islanding operation of hybrid microgrids 

(HmGs), which adopt the unified interphase power controller 

(UIPC) as the major element for interconnecting of AC and DC 

subsystems, is analyzed in this work. The studied HmG includes 

two AC subsystems and one energy storage-based DC subsystem 

(ESDC) and some flexible loads. A model reference adaptive 

control (MRAC) mechanism is suggested to control the UIPC, 

maintaining an appropriate bidirectional power flow control 

with simple structure. As another contribution, a new structure 

topology for the UIPC's power converter at DC side is proposed 

based on the dual-active-bridge topology and a harmonic-based 

modeling approach is follow-up for UIPC's power converter 

modelling. The results of simulations indicate acceptable 

islanding operation performance of HmG with the proposed 

structure. 

Keywords—Hybrid microgrid, UIPC, MRAC, flexible load 

I.  INTRODUCTION  

In obedience to the literature, hybrid microgrids (HmGs) 
are good choice to interconnected multiple AC and DC 
subsystems since they reduce the AC/DC conversion stages, 
provide general management of several AC and DC 
subsystems, and facilitate the integration of these subsystems 
with current power grid [1, 2]. The HmGs mainly encompass 
several AC and DC subsystems which have commonly been 
tied together through several power converters with parallel 
connection. The interconnection of these subsystems is 
essential since it provides the subsystem the capability to 
transfer power during emergencies and as result, the stability 
and security of the subsystems are preserved [3-7]. 
Nevertheless, adopting the parallel converters brings 
numerous challenges to the control and operation of HmGs; to 
name a few, circulating current, output voltage magnitude and 
phase equalization, appropriate power sharing etc. to address 
these issues, tens of research studies have been presented in 
the literature. For example, in [8], a Γ-Z-Source single power 
converter has been presented to interconnect HmGs. The 
authors of [9] Γ-Z-Source have developed the method of [8] 
into parallel-connected Γ-Z-Source power converters for 
HmGs. This way, the exchange power between the 
subsystems is increased and the system reliability is also 
increased [9]. In [10], a topology for the interlink converter 
has been proposed which enables the DC link to integrate a 
storage system. Thus, the power and DC link voltage 

oscillations are relieved. In [11], conventional droop concept 
has been developed to control the power converters in HmGs. 
Further, the authors of  [12] have used the virtual droop 
concept to improve the power sharing performance of 
interlink power converters in HmGs.  

More recently, the UIPC has been proposed as an effective 
alternative to the parallel interlink power converters to 
interconnect HmGs. In [13], the UIPC has been implemented 
to interconnected two AC subsystems and one DC subsystem. 
The HmG, as a whole system, has been connected to upstream 
grid and the power exchange between the subsystems as well 
as with the upstream grid has been analyzed. The upstream 
grid has been responsible for regulating frequency and voltage 
in HmG and the UIPC has been controlled such that stable 
power exchange among the subsystems preserved. 
Furthermore, the interconnection of a greater number of AC 
and DC subsystems using UIPC has been investigated in [7] 
where the studied HmG has been tied to the upstream power 
system.  

Yet, the islanding operation of HmG interconnected by 
UIPC has not been investigated, to the best of the authors’ 
knowledge. Therefore, this work aims at studying the 
islanding operation of HmG. A new structure for the UIPC's 
power converter at the DC side is proposed based on the dual-
active-bridge topology and a new control scheme for the 
UIPC, based on a model reference adaptive control (MRAC) 
concept, is developed afterwards. The harmonic-based 
modeling approach has been applied to model the DC side 
power converter to simplify the control design process. 

The rest of this paper is organized as follows: Section II 
presents the dynamic model of the studied HmG and new 
structure of UIPC. The proposed MRAC-based control of 
UIPC is described in Section III. The simulation results are 
given in Section IV and at last, concluding remarks are drawn 
in Section V. 

II. SYSTEM MODEL AND PROPOSED UIPC TOPOLOGY 

As demonstrated in Fig. 1, a typical HmG including two AC 

subsystems and an energy storage-based DC subsystem 

(ESDC) is considered in this study. The HmG operates in 

islanded mode and AC mG1, AC mG2, and ESDC are 

interconnected through UIPC. AC mG1 includes an energy 



storage system (ESS), a wind turbine, and flexible and non-

flexible loads. AC mG2 contains a PV system which is 

connected to the AC common bus through DC/DC and 

DC/AC power conversion units. An ESS and a non-flexible 

load also exist in this subsystem. The ESDC includes a group 

of ESSs which can be simultaneously charged/discharged. 

There is also an energy management system (EMS) which 

controls and monitors the whole HmG operating conditions 

such as voltage, frequency of AC subsystems, and exchange 

power between subsystems. The ESDC is able to provide 

bidirectional DC power flow, i.e., the ESSs in the ESDC can 

be charged/discharged when necessary. It is important to note 

that there is a flexible load in AC mG1 which can 

increase/decrease its power consumption based on operating 

condition and generated reference signal from UIPC and 

EMS. The details are given in the next section.  

 

   
Fig. 1. Structure of studied HmG which is interconnected by UIPC 

 

A. Proposed UIPC Topology 

To adopt the ESDC into the HmG structure through the 
UIPC, we propose a new configuration for the UIPC's power 
converter at DC side, as shown in Fig. 2. The indicated per-
phase model includes two main parts: series power converter 
(SPC) and parallel power converter (PPC). The main task of 
SPC is to inject an adjustable series voltage through power 
transformer 𝑇𝑆𝑃𝐶  into the transmission line to control the 
power flow between the two AC buses, i.e., 𝑉𝐴𝐶

1 and 𝑉𝐴𝐶
2 . Each 

phase of the UIPC has one SPC, indexed by 𝑆𝑃𝐶𝑖 , 𝑖 = 1,2,3. 
The PPC aims on regulating the DC side voltage as well as 
𝑉𝐴𝐶
1 . It also controls the bidirectional power flow in 

coordination with the ESSs main power converters (MC) 
which connects all ESSs to the UIPC DC bus. The MC 
accompanied by the voltage multiplier and the high-frequency 
transformer (HFT) constitute a dual-active-bridge topology. 
The MC is connected to the ESDC subsystem directly and is 
to be controlled through the MRAC strategy, as will be 
discussed in the next section. The HFT accomplishes two 
main duties; 1) providing galvanic voltage isolation, and 2) 
increasing boosting coefficient of the conversion stages with 
reduced cost. However, if not controlled appropriately, the 
efficiency of this system may be reduced due to circulating 
current. Thus, to avoid this problem, the MRAC is proposed 
in this study.  It should be mentioned that the UIPC has only 
one PPC for all phases. The UIPC acts in two modes; 
capacitive or inductive. The bidirectional switches 𝑆1 and 𝑆2 
are commanded based on the UIPC operation mode to allow 
correct power flow direction. 

 

 

Fig. 2. Proposed UIPC topology 

 

B. Reduced Order Model of Dual-Active Bridge Conversion 

Stage and Harmonic-based Modelling 

To design the MRAC controller, the dynamics of the plant 

should be determined first. The voltage multiplier circuit of 

Fig. 2 is a three-phase neutral point-clamped (NPC) power 

converter which is connected to the secondary side of HFT. 

This circuit multiplies the output voltage of MC by 2 in order 

to reduce the ratio of HFT windings. For the PPC, a three-

phase full-bridge NPC with bidirectional switches is 

considered. All the switches in the MC and voltage multiplier 

circuit are also bidirectional since the whole DC side should 

be able to provide bidirectional power flow. The square pulse 

of half duty cycle control method has been applied to produce 

the voltages 𝑉𝑝 and 𝑉𝑠, which is the voltage across the primary 

and secondary windings of the HFT, respectively, which have 

been shifted by 𝛾 in relation to the power flow direction. The 

exchanged power is given by: 

 

𝑃𝑒𝑥 = 𝑎𝑁 (
(𝑉𝑝𝑉𝑠𝛾(𝜋 − |𝛾|))

2𝜋𝜔𝐿1
⁄ )                                     (1) 

 

where 𝑎𝑁 is the ration of HFT and 𝐿1is the inductance of the 

line and between HTF and output of MC. Fig. 3 illustrates the 

voltages and input current of HTF considered in the 

modelling process based on (1).   

Supposing instantaneous switching functions for all 

bidirectional switches, a harmonic-based model can be 

reached by applying Fourier transformation to the switching 

function of the dual-bridge conversion stage as follows: 

 

𝑆(𝑡) = 1
2⁄ +

2
𝜋⁄ (∑

(sin⁡((2𝑘 + 1)(𝜔𝑠𝑡 − 𝜑𝑗)))
(2𝑘 + 1)

⁄∞
𝑘=0 ) , 𝑗 =

1,… ,4                                                                                  (2) 
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Fig. 3. Primary and secondary voltages, and primary current of HFT 

 

where 𝜔𝑠 is the switching frequency in rad/s and 𝜑𝑗 is the 

lateness of the pulse w.r.t the desired reference frame. 

Considering the switching function (2), the voltages 𝑉𝑝 and 𝑉𝑠 

can be written as follows: 

 

 𝑉𝑝(𝑆(𝑡)) = 𝑉𝐸𝑆𝐷𝐶[𝑆1(𝑡) − 𝑆2(𝑡)]                                       (3) 

 𝑉𝑠(𝑆(𝑡)) =
𝑉𝐷𝐶

2⁄ [𝑆3(𝑡) − 𝑆4(𝑡)]                                     (4) 

 

The duty cycle is 0.5 in the modelling process w.r.t the square 

wave switching pulses. Therefore, 𝑆2(𝑡) is the complement 

of 𝑆1(𝑡) and we have 𝜑2 = 𝜋 + 𝜑1 , and in the same way, 

𝜑4 = 𝜋 + 𝜑3 . Also, forcing 𝜑1 = 0  then 𝜑3 = 𝛾 . 

Accordingly, (3) and (4) become: 

 

𝑉𝑝(𝑡) = 𝑉𝐸𝑆𝐷𝐶 (
4
𝜋⁄ (∑

𝑠𝑖𝑛((2𝑘 + 1)𝜔𝑠𝑡)
(2𝑘 + 1)⁄∞

𝑘=0 ))     (5)     

𝑉𝑠(𝑡) =
𝑉𝐷𝐶

2⁄ (4 𝜋⁄ (∑
𝑠𝑖𝑛((2𝑘 + 1)𝜔𝑠𝑡 − 𝛾)

(2𝑘 + 1)
⁄∞

𝑘=0 )) 

                                                                                            (6)    

 

According to Kirchhoff's voltage law, in the primary winding 

of HFT one obtains: 

𝑉𝑝(𝑡) − 𝑎𝑁𝑉𝑠(𝑡) = 𝑅1𝐼𝑝 + 𝐿1
𝑑𝐼𝑝(𝑡)

𝑑𝑡
=

𝑉𝐸𝑆𝐷𝐶 (
4
𝜋⁄ (∑

𝑠𝑖𝑛((2𝑘 + 1)𝜔𝑠𝑡)
(2𝑘 + 1)

⁄∞
𝑘=0 )) −

𝑎𝑁𝑉𝐷𝐶
2⁄ (4 𝜋⁄ (∑

𝑠𝑖𝑛((2𝑘 + 1)𝜔𝑠𝑡 − 𝛾)
(2𝑘 + 1)

⁄∞
𝑘=0 ))   

                                                                                            (7)                                

Solving (7) for 𝐼𝑝(𝑡) gives: 

 

𝐼𝑝(𝑡) =
4
𝜋⁄ ∑ 1

(2𝑘 + 1)⁄ (
𝑉𝐸𝑆𝐷𝐶

𝓏(𝑘)⁄ 𝑠𝑖𝑛 ((2𝑘 + 1)𝜔𝑠𝑡 −
∞
𝑘=0

𝜑𝓏(𝑘)) −
𝑎𝑁𝑉𝐷𝐶

2|𝓏(𝑘)|⁄ 𝑠𝑖𝑛 ((2𝑘 + 1)𝜔𝑠𝑡 − 𝜑𝓏(𝑘)))             (8) 

 

where |𝓏(𝑘)| = (𝑅1
2 + ((2𝑘 + 1)𝜔𝑠𝐿1)

2
)
1/2

 and 𝜑𝓏(𝑘) =

𝑡𝑎𝑛−1 (
(2𝑘 + 1)𝜔𝑠𝐿1

𝑅1
⁄ ).  

 

According to Kirchhoff's current law, the current of output 

capacitor is as follows: 

 

𝐶
2⁄
𝑑𝑉𝐷𝐶

𝑑𝑡
= 𝐼𝑠 − 𝐼𝑑𝑐 = 𝑎𝑁𝐼𝑝[𝑆3(𝑡) − 𝑆4(𝑡)] −

𝑉𝐷𝐶
𝑅𝑜𝑢𝑡
⁄              (9) 

 

Rearranging and simplifying (9) we obtain: 

 
𝑑

𝑑𝑡
(𝑉𝐷𝐶) = ℎ(𝑉𝐷𝐶(𝑡), 𝛾) =

16𝑎𝑁
𝐶𝜋2
⁄ (∑ 1

(2𝑘 + 1)2⁄ (
𝑉𝐸𝑆𝐷𝐶

𝓏(𝑘)⁄ 𝑐𝑜𝑠 ((2𝑘 + 1)𝛾 −∞
𝑘=0

𝜑𝓏(𝑘)) −
𝑎𝑁𝑉𝐷𝐶

|𝓏(𝑘)|⁄ 𝑐𝑜𝑠(𝜑𝓏(𝑘)))) −
2𝑉𝐷𝐶

𝐶𝑅𝑜𝑢𝑡
⁄               (10) 

 

Since usually 𝜔𝑠𝐿1 ≫ 𝑅1, thus, 𝜑𝓏(𝑘) ≅
𝜋
2⁄ . Therefore, we 

can write: 

 
𝑑

𝑑𝑡
(𝑉𝐷𝐶) = ℎ(𝑉𝐷𝐶(𝑡)) + 𝑄𝑢                                              (11) 

 

In which ℎ(𝑉𝐷𝐶(𝑡)) =
−2𝑉𝐷𝐶

𝐶𝑅𝑜𝑢𝑡
⁄ = −𝜌𝑉𝐷𝐶 , 𝑄 =

16𝑎𝑁
𝐶𝜋2
⁄ (∑ 1

(2𝑘 + 1)2⁄ (
𝑉𝐸𝑆𝐷𝐶

𝓏(𝑘)⁄ )∞
𝑘=0 ) , and 𝑢 =

𝑠𝑖𝑛((2𝑘 + 1)𝛾). Therefore, we use this first order transfer 

function to design the controller in the next section. 

 

III.  PROPOSED MRAC-BASED CONTROL OF UIPC 

In each subsystem, some important operational parameters 
should be controlled so that the overall HmG keeps stable 
operation. Since the HmG operate in islanded mode, in the AC 
subsystems, the voltage and frequency should be maintained 
in operational limits while the DC link voltage in the ESDC 
subsystem should be kept in stable region. In this section a 
new control structure for the UIPC and HmG management is 
proposed. The MRAC-based control scheme for the DC side 
is also presented. 

A.  General Structure of Proposed HmG management 

System and Control of UIPC 

Per-phase model of proposed UIPC control scheme and 
HmG management system is illustrated in Fig. 4. As shown, 
three control units are considered for the power converters of 
the UIPC system. More importantly, there is an energy 
management system which monitors the status of the 
subsystems; performing essential reference signal calculations 
for the subsystems based on the feedbacks from the 
subsystems and user-defined reference points. 

 



 

Fig. 4. Proposed UIPC control structure and HmG management system 

 

B. MRAC-based Controller Design 

The proposed MRAC control scheme is represented in Fig. 
5. As shown, a reference model is used to generate the 
reference output 𝑦𝑟𝑒𝑓(𝑡)  according to reference input 

𝑢𝑟𝑒𝑓(𝑡). The error 𝑒𝑦(𝑡) is given to the adaptation control law 

to estimate  ℱ𝑟𝑒𝑓  and ℱ𝑝 . Then, the controller generates the 

control signal 𝑢(𝑡) which is applied to the MC plant.  

In contrast to the dynamic plant described by (11), the 
dynamics of reference model are as follows: 

𝑑

𝑑𝑡
(𝑦𝑟𝑒𝑓(𝑡)) = −ℱ𝑟𝑒𝑓𝑦𝑟𝑒𝑓(𝑡) + 𝐵𝑟𝑒𝑓𝑢𝑟𝑒𝑓(𝑡)                    (12) 

where ℱ𝑟𝑒𝑓  and 𝐵𝑟𝑒𝑓  are non-negative real constants, and 

𝑦𝑟𝑒𝑓(𝑡)  and 𝑢𝑟𝑒𝑓(𝑡)  are respectively the DC link voltage 

variation and voltage oscillation limit. For the real dynamic 
model, ∆𝑉𝐷𝐶  is supposed to be the system output 𝑦(𝑡). The 
droop characteristic for the DC voltage is demonstrated in Fig. 
6 where 𝑃𝐸𝑆𝑆,𝑁𝑜𝑚  is the nominal power value of ESSs in 

charging/discharging process, 𝑉𝐷𝐶,𝑁𝑜𝑚 is the nominal value of 

DC link voltage, and 𝛼𝑑𝑝  is the droop coefficient. For the 

positive power low direction, the DC link voltage drops 
whereas it increases for the negative power flow direction. 
Thus, the droop pattern lets to control the power exchange 
while keeping the DC link voltage stable.  

 

Fig. 5. Proposed MRAC control of MC converter 

In the MRAC, the difference between 𝑦𝑟𝑒𝑓(𝑡) and 𝑦(𝑡) is 
forced to zero by choosing the appropriate control law as 
follows: 

𝑢(𝑡) = ℱ𝑟𝑒𝑓𝑢𝑟𝑒𝑓(𝑡) + ℱ𝑝𝑦(𝑡)                                                 (13) 

where ℱ𝑟𝑒𝑓 and ℱ𝑝 are time-varying parameters which are 

approximated by the adaptation law as follows: 

𝑑

𝑑𝑡
(ℱ𝑟𝑒𝑓(𝑡)) = −𝑠𝑖𝑔𝑛(𝑄)𝜇𝑒𝑦(𝑡)⁡𝑢𝑟𝑒𝑓(𝑡)                   (14) 

𝑑

𝑑𝑡
(ℱ𝑝(𝑡)) = −𝑠𝑖𝑔𝑛(𝑄)𝜇𝑒𝑦(𝑡)⁡𝑦(𝑡)                            (15) 

where 𝜇 is a real positive value. 

 

Fig. 6. Droop characteristic in the proposed control scheme 

 

IV. SIMULATION RESULTS 

To verify the performance of the proposal described in this 

work, simulation results using MATLAB/SIMULINK are 

provided here. The HmG illustrated in Fig. 1 is considered for 

the simulation which includes two AC subsystems and one 

ESDC. AC mG1 contains a wind turbine generating system 

with nominal power of 150kW which has been provided by 

three 50kW units (3 × 50⁡𝑘𝑊). There is a 50kW battery ESS 

in this mG. Also, one flexible load and one non-flexible load 

are connected to the common AC bus of AC mG1. A PV 

system with nominal power of 250kW, a 50kW battery ESS, 

and one non-flexible load are included in AC mG2. The 

ESDC also contains three 50kW battery ESSs which can 

provide bidirectional DC power flow through the dual-bridge 

structure with proposed MRAC-based control strategy.  
In AC mG1, the nominal power of the non-flexible load is 

160kW. The total power provided by the wind units is 150kW; 
therefore, the battery ESS in this mG is also discharged to 
meet the demand. However, a flexible load with consumption 
characteristic as 20⁡𝑘𝑊 :20 ⁡𝑘𝑊: 80⁡𝑘𝑊  can respond to the 
extra power provided by the battery and use it, possibly based 
on the contraction between the flexible load owner and power 
market operator. Therefore, as shown in Fig. 7, the power 
consumption in AC mG1, at t = 0.4s, increases from 180kW to 
200kW. Further, Fig. 8 shows the response of the flexible load 
to the UIPC reference signal. As it is clear, the load has been 
successfully able to increase its consumption from 20kW to 
40kW. Fig. 9 shows the state of charge (SOC) of the battery in 
AC mG1. As it is clear, before t = 0.4s the battery discharging 
is been initiated since the wind units were not able to support 
the extra 30kW load power (20kW of base power of flexible 
load+10kW of the non-flexible load). At t = 0.4s, the flexible 
load is commanded by the UIPC to increase its consumption 
by 20kW. Thus, as can be seen from Fig. 9, the rate of 
discharge is increased. The DC link voltage of UIPC in this 
situation is also illustrated in Fig. 10. As shown, the DC link 
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control has successfully been able to handle the oscillations 
and stabilizes the DC link voltage at its nominal value 480V.     

 

Fig. 7. Power consumption in AC mG1 when the flexible load changes its 
consumption at t = 0.4s. 

 

Fig. 8. Power consumption by flexible load changes at t = 0.4s. 

 

Fig. 9. State of charge of battery in AC mG1 when the flexible load changes 
its consumption at t = 0.4s. 

 

Fig. 10. DC link voltage of UIPC the flexible load changes its consumption at 
t = 0.4s. 

V. CONCLUSION 

The HmGs are alleged to be the mostly used base structure to 

embed the DC and AC resources and loads in smart grids. 

These microgrids have traditionally been interconnected 

using bidirectional power converters. However, recently, the 

UIPC, in place of power converters, has been presented in 

literature to interconnect HmGs. Nevertheless, the islanding 

operation of UIPC-based HmGs has not been studied in 

literature. This work filled this research gap and further 

proposed a new MRAC-based control scheme and a new 

topology for UIPC. The results confirmed that the proposed 

topology and control scheme for UIPC are useful when 

interconnecting a HmG using UIPC operating in islanded 

mode. 
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