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bank, bi-directional DC/DC converter together with the meas-

urement circuit, and control driver circuit is shown in Fig. 2. In 

grid-connected mode, these converters only regulate the battery 

banks charging rates. Based on the SOCs of the battery banks 

and the power flow conditions in the AC side, the charg-

ing/discharging current references are generated to regulate the 

current flow in the converters.  

 Each battery has its own bi-directional DC/DC converter, 

which means they can have different charging rates. The battery 

banks can inject power to, or absorb power from, the DC bus. 

Also, they can transfer energy between different battery banks if 

necessary. In this case, only one closed current control loop with 

PI controller is enough to regulate the current. The 

bi-directional DC/DC converters of the battery banks play an 

important role in islanding mode to regulate the DC bus voltage. 

A two-loop control is used to regulate the DC bus voltage. The 

control scheme for the bi-directional DC/DC converter is shown 

in Fig. 4. 

 The outer voltage controlled loop is used to generate a ref-

erence charging current for the inner current controlled loop. 

The error between the measured DC bus voltage and the system 

reference DC bus voltage is set as the input of the PI controller, 

and the output is the reference current. The inner current control 

loop compares the reference current signal with the measured 

current flow through the converter and, finally, generates a 

PWM signal to drive the IGBTs to regulate the current flow 

through the converter. For example, when the DC bus voltage is 

higher than the reference voltage, the outer voltage controller 

generates a negative current reference signal. The inner current 

control loop adjusts the duty cycle to force the current flow from 

the DC bus to the battery, which results in charging of the bat-

tery. In this way, the energy transfers from the DC bus to the 

battery, and the DC bus voltage, then decreases to the rating 

value. If the DC bus voltage is lower than the normal value, the 

outer voltage control loop generates a positive current reference 

signal, which regulates the current flow from the battery to the 

DC bus. Because of the extra energy injected from the batteries, 

the DC bus voltage increases to the rating value. 

 If several energy storage systems are connected to the 

common DC bus of the hybrid power system individually 

through their own bidirectional DC-DC converter, a conven-

tional PID controller could not be used to regulate the DC bus 

voltage. If all of them are used to regulate the DC bus voltage, 

they may conflict with each other and cause instability prob-

lems; however, if only one of them is used to regulate the DC 

bus voltage, distributing power flow becomes unclear to the 

other controllers, which may cause SOC unbalance between 

energy storage systems. Therefore, droop control is used to 

regulate and dispatch power flow for multiple lithium-ion bat-

tery modules on the DC side of the hybrid power system. With 

the SOC information, the five battery modules are ranked based 

on their SOC. With the SOC rank and the measured DC bus 

voltage, a central aggregator calculates and assigns the droop 

coefficient to each battery module. Each bidirectional DC-DC 

converter can generate its charging rate with the droop coeffi-

cient. 

C. Bi-Directional AC/DC Converter 

In grid-connected mode, the AC side can be viewed as an 

infinite bus; therefore, the deviation of the voltage amplitude 

and frequency can be ignored. In this case, the bi-directional 

AC/DC converter only needs to regulate the DC bus voltage. In 

order to operate in unit power factor, reference iq can be set as 0.  

The controller only needs to control the id, which controls the 

active power flow through the converter. The control block 

diagram for bi-directional AC/DC converter in grid-connected 

mode is shown in Fig. 5. As discussed earlier, a two-loop con-

troller is used to regulate the DC bus voltage. Based on the error 

between the DC bus reference voltage and measured voltage, 

the outer voltage control loop generates the id reference, which 

is used to regulate id in the bi-directional converter. In d-q co-

ordinates, Id is controlled to regulate the active power flow 

through the inverter, and Iq is controlled to regulate the reactive 

power flow through the inverter. In the AC side, the active and 

reactive power flow will influence the frequency and voltage 

amplitude respectively. 

In islanded operation mode, the frequency and voltage am-

plitude of the three phases AC side are volatile. The 

bi-directional AC/DC inverter is used to regulate the active and 

reactive power by controlling the id and iq, respectively. The 

control scheme for the bi-directional AC/DC inverter is shown 

in Fig. 6. Two-loop controllers are applied for both frequency 

and voltage regulation. For frequency control, error between 

measured frequency and reference frequency is sent to a PI 

controller which generates the id reference. 
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Fig.4. The control block diagram for bi-directional DC/DC converter 
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Fig. 6.  The control block diagram for bi-directional AC/DC converter 

in islanded mode 
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To control the voltage amplitude, the error between the 

measured voltage amplitude and the reference voltage ampli-

tude is sent to a PI controller to generate iq reference. 

Equations (4) and (5) show the AC side voltage equations of 

the bi-directional AC/DC inverter in ABC and d-q coordinates, 

respectively. Where (Va, Vb, Vc) are AC side voltages of the 

inverter, and (Ea, Eb, Ec) are the voltages of the AC bus. (Δa, Δb, 

Δc) are the adjusting signals after the PI controller in the current 

control loop. 
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When the pulse load is connected or disconnected to the AC 

side, the frequency or voltage amplitude changes. After de-

tecting the deviation using the phase lock loop (PLL) or voltage 

transducer, Id and Iq reference signals are adjusted to regulate 

power flow through the bi-directional AC/DC inverter. Because 

of the power flow deviation, the DC bus voltage is also influ-

enced. The DC bus voltage transistor senses the voltage varia-

tion in DC bus, and the bi-directional DC/DC converter regu-

lates the current flow between the battery and the DC bus. In the 

end, the energy is transferred between the battery and the AC 

side to balance the power flow. 

For further frequency and voltage regulation, a droop control 

is implemented for solving the microgrid primary control 

problem as shown in Fig. 7. Synchronous generator and grid-tie 

inverter adjust their power output according to the no-load 

speed setting with respect to the system frequency. The power 

output for any given system frequency can be controlled. The 

no-load frequency of a given generator can be set to obtain any 

desired power output according to its droop slope R. 

max min( ) / ( ) sysNL NL FLf P f f P P f                (6) 

      
sysNLf P R f                     (7) 

Here, R is typically formulated with the maximum and 

minimum power outputs of the DG, Pmax and Pmin. The no-load 

and full-load frequencies, fNL and fFL, are normally chosen as the 

bounds which the system frequency must not cross. The sec-

ondary level control covers the residual frequency error and 

puts back the frequency value to 60 Hz. 

IV. SIMULATION AND EXPERIMENTAL RESULTS 

 The operation of the hybrid microgrid is tested on both 

simulation environment and experimental setup. 10.07 kW PV 

farm under the influence of a 10 kW pulse load is applied to 

verify the proposed hybrid microgrid control. The total rated 

power of the synchronous generators are 13.8 kW, and a 4 kW 

constant load is connected in the AC side. Five 51.8V, 21Ah 

Lithium-ion battery banks are connected individually to DC bus 

through bidirectional DC/DC converters with the rated power of 

10 kW. The rated power of the grid-tied bidirectional AC/DC 

inverter is 26 kW. In steady state, the hybrid AC/DC system is 

operated with 300V rated DC bus voltage and 208V, 

phase-to-phase AC bus voltage. Further system parameters for 

hybrid microgrid are listed in Table II. 

A. Simulation Results 

In both grid-connected mode and islanded mode, to maxim-

ize the utilization of renewable energy, the boost converter 

works in on-MPPT mode to keep seeking the maximum output 

power from the PV farm. The MPPT of the boost converter is 

enabled at 0.4s. The output power, the terminal voltage of the 

PV panel, the duty cycle of the boost converter, and the solar 

irradiance levels are shown in Fig. 8. For general study, two 

kinds of solar irradiance deviation with different charging rates 

are used. Before 0.4s, the duty cycle is set at 0.5, the terminal 

voltage of the PV panel is 149V, and the output power from the 

System f = 60 Hz
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Fig. 7.  Droop control implementation 

  

 

 

TABLE II 

HYBRID MICROGRID SYSTEM PARAMETERS 

Symbol Description Vaule 

Cpv Solar panel capacitor 100 uF 

Lpv Inductor for solar Panel boost converter 5mH 

Cd DC bus capacitor 6000 uF 

Lac AC filter inductor 1.2mH 

Rac Inverter equivalent resistance 0.3ohm 

Lb Battery converter inductor 3.3mH 

Rb Resistance of Lb 0.5 Ω 

f 

Vd 

Vm 

n1/n2 

Rated AC grid frequency 

Rated DC bus voltage 

Rated AC bus p-p voltage (rms) 

Transformer ratio 

60Hz 

300V 

208K 

1:1 
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Fig. 8.  PV output power control with MPPT 
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PV panel is only 9.56 kW. After the MPPT is enabled, the duty 

cycle is decreased to 0.45 and the terminal voltage is increased 

to 165V. This allows the PV panel to reach the maximum power 

output of 10.07 kW. The simulation results show that the boost 

converter, with MPPT functionality, can track the maximum 

power point within a short response time. 

 In grid-connected mode, the DC bus voltage is regulated by 

the bi-directional AC/DC converter. In this mode, the AC side 

can be viewed as an infinite bus, therefore the 10 kW resistive 

pulse load that is connected to the AC side would not have an 

influence on the grid. Therefore, only the DC pulse load case is 

studied. Fig 9 (a) shows the DC bus voltage. The bi-directional 

AC/DC converter was enabled at 0.05s. Before being enabled, it 

operates as an uncontrolled rectifier. After enabling the 

bi-directional converter, the DC bus voltage reached steady 

state in less than 0.3s. During this period, the solar irradiance is 

1kW/m2. From 0.4s to 1.7s, the system under two kinds of solar 

irradiance variations is simulated. The output power from PV 

decreased from 10kW to 2.5kW in 0.3 second, and recovered 

back from 2.5kW to 10kW also in 0.3 second. After that, the PV 

output decreased from 10kW to 2.5 kW in 0.05 second at 1.3s, 

and it went back from 2.5kW to 10kW at 1.65s. The PV output 

power is shown in Fig. 9 (b). The DC bus voltage was stable and 

stayed in the range of 293V to 307V during this process, 

therefore, the bi-directional converter can keep the DC side 

stable under rapid alteration of solar irradiance and PV output 

power. From 2s to 2.8s, the charging/discharging of battery 

banks impact to the DC bus is simulated. At 2s, the current 

references of the bi-directional DC/DC converters of those five 

batteries were changed from 0A to -4A, which means dis-

charging those battery banks with 4A. At 2.4 seconds, the cur-

rent references of the bi-directional DC/DC converters of the 

five battery banks were changed from 0A to 4A. At this point, 

the system began charging the battery banks. The current flow 

of one bi-direction DC/DC converter is shown in Fig. 9 (c). 

During this period, the DC bus voltage was still stable with less 

than 3V voltage deviation. From 3s to 3.5s, a 10kW resistive 

load is connected to the DC bus. During the connection and 

disconnection of the 10 kW pulse load, the bi-directional 

AC/DC inverter active power flow was greatly changed to 

regulate the DC bus voltage. The DC bus was still stable, within 

12V voltage deviation, during the transient response. The power 

flow through the bi-directional AC/DC inverter is shown in Fig. 

9 (d). After the system entered steady state, the system kept the 

unit power factor as the reactive power was 0. The active power 

flow varied with the solar irradiance influence, battery banks 

charging/discharging influence and pulse load influence. The 

bi-directional inverter can quickly adjust the power flow. 

B. Experimental Result 

 Complementary to simulation results and extension of [16], 

the real-time experimental performance of the hybrid microgrid 

is tested under islanding and pulsed load conditions. The is-

landing experiment was realized by opening the circuit breaker 

of PMU2, shown in Fig.1. Fig.10 illustrates the islanding tran-

sition of the microgrid and the corresponding primary and 

secondary controls. Primary control is the immediate response 

of the synchronous generator, and the grid-tie inverter arrests 

deviations in power system frequency. Secondary control ad-

justs the dispatchable assets shortly after frequency and voltage 

deviations to restore the system to nominal operating condi-

tions. 

 

1) Islanding of Hybrid AC/DC Microgrid 

The objective of this experiment is to present proper centrally 

coordinated actions to reinstate frequency to its nominal value. 

In a conventional power system operation approach, if an un-

controlled islanding is formed due to emergency conditions, the 

primary control responds rapidly according to droop adjust-

ments of the generators inside the island. Droop based primary 

control deviates the frequency from the nominal value, ac-

cording to the system loading conditions. Upon separation, it 

may be necessary to shed some of the predetermined loads in the 

islanded area in order to balance generation and load. The 

measurements are taken from synchrophasors deployed on the 

AC side of the microgrid [20]. During the synchronized opera-

tion, the islanded power system was importing power from the 

remote power system. When the islanding situation takes place 

at t= 130s, the imported power becomes zero.  

( ) ( ) ( )( ) Gen t Load t import tP t P P P                            (8) 

As per equation (9), the power imbalance inside the mi-

crogrid results in a frequency drift in the islanded area: 

dt

df

f

H
tPtPtP s

n

tot

loadgen

2
))()(()( 

       (9)    

The active power imbalance introduces frequency deviation 

in islanded microgrid (9), where Htot is the total inertia, fn is the 

nominal frequency, and fs is system frequency [21]. The phase 

angle difference between the two areas increases. The figure 

shows the oscillation of the phase angle of the system generators 

during primary control. Between t= 130s and at t= 147s, the 

primary control is established. The generation in the islanded 

area increases and the frequency settles in a stable region.    At 

t= 181s, the system frequency reaches the minimal value. Au-

tomatic generation control (AGC) based secondary control 
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Fig. 9.  Hybrid microgrid performance in grid-connected mode 
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Fig. 10.  Islanding of hybrid AC/DC microgrid 

 

is used to restore system frequency to nominal value. A 

common way to enable AGC in power systems is to implement a 

proportional-integral (PI) controller. An area control error 

(ACE) in a power system is given as (10), where B is the fre-

quency bias factor, ∆PT is the deviation of active power balance 

in area, and ∆PAGC is the control command to be sent to the 

grid-tie inverter. β1 and β2 are the PI control coefficients. 

            1 2

T

AGC

ACE P B f

P ACE ACEdt 

   

    
                      (10) 

In real-time applications, angular stability is measured by the 

difference in generator voltage angles of the two points and 

compared with a predefined threshold angle during pulsed load: 

1 2PMU PMU                                   (11) 

where  is defined as the tolerance in degrees. The tolerance 

in this study is selected to be 10 degrees. When the angular 

separation between two PMU measurements is exceeded, the 

instability should check whether the system is in a stable or 

unstable swing. Specifically, the microgrid buses are assumed 

as two-machine system implementing swing equation to de-

termine the out-of-step condition in the two-area system. 

As classical generator dynamics are defined as: 
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where Hi is the inertia constant of ith generator, 
i is the in-

ternal voltage angle of ith generator, 
i is the rotor speed of the 

ith generator, /
i ie mP P electrical/mechanical output power of 

the ith generator, ,i jE E voltage behind transient reactance,  Y 

is the admittance matrix reduced at the internal generator node. 

2) Performance during Pulsed Loads 

To further verify the proposed control algorithm for hybrid 

AC-DC power system operation with pulse load mitigation, a 

hardware experiment is demonstrated. PMUs are connected to 

synchronous generator and grid-tie inverter buses. System fre-

quency and voltage variations, phase angle displacement and 

pulsed loading are shown in Fig. 11. A 4 kW pulsed load is 

applied three consecutive times. It is noticed that the system 

frequency experiences an oscillation during the transition, 

which eventually settles to the reference value. The terminal 

voltage experiences temporary spikes during transition as well, 

and it settled within limits due to reactive power control inside 

the island. The phase angle displacement between microgrid 

buses are kept under 10 degree threshold. From the results, it 

can be seen that during the pulse load duration, the DC micro 

grid can inject power to help the system regulate the frequency 

and the frequency only dropped to around 57.5 Hz. The voltage 

dropped to around 115 V. The proposed coordinated converter 

control was able to perfectly mitigate frequency and voltage 

dips according to pulsed loading. The islanded low inertia hy-

brid microgrid was able to withstand the pulsed loading condi-

tions. 
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V. CONCLUSION 

In this paper, a coordinated power flow control method of 

multi power electronic devices is proposed for a hybrid AC/DC 

microgrid operated in both grid-connected and islanded modes. 

The microgrid consists of a PV module, battery bank and a 

synchronous generator that supply energy to its DC and AC 

side. Battery banks are connected to the DC bus through 

bi-directional DC/DC converter. The AC side and DC side are 

linked by the bi-directional AC/DC inverter. The control algo-

rithms are tested with the harsh influence of pulse loads and 

islanding conditions. The simulation and experimental results 

show that the proposed microgrid with the control algorithm can 

greatly increase the system stability and robustness.  
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Fig. 11.  Consecutive pulsed loads and system disturbance 
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