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Abstract                                                                                 
Development in distributed energy resources (DER) technologies has 

opened new opportunities for on-site power generation by electricity users to 

cover the growing customer requirements for electric power. The Consortium 

for Electric Reliability Technology Solutions (CERTS) microgrid represents 

an entirely new approach to integrating DER. MG integration provides 

enhancement of reliability, power quality, and the lowering the operational 

costs. This paper introduces the modeling and analysis of multiple 

photovoltaic cells (PVs), battery storage, and controllable load within a 

CERTS microgrid. The operational characteristics of the simulated CERTS 

microgrid are investigated under different operating conditions, and a fault 

analysis study is carried out. The modeling stability under different operating 

conditions has been evaluated. The paper also offers a thorough analysis of 

the MG structure and the related protection and control issues The modeling 

and different case studies are carried out using the Matlab Simulink platform.  
 

Keywords: Microgrids, CERTS, photovoltaic cells, battery energy storage system, 

protection perspectives, energy management.   
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I.Introduction 

The electrical power system gains a new dimension with the introduction of the growing use of 

microgrids in electricity networks, and new challenges with the operation, control, and protection of electrical 

networks are created. A microgrid is a group of interconnected DERs and loads that act as a single controllable 

entity concerning the grid. It can connect and disconnect from the grid to operate in grid-connected or island 

mode. However, microgrid connections can improve customer reliability and resilience to grid [1]-[9]. 

Challenges that arise with microgrid communications include bi-directional power flow that strongly affects 

the coordination of the protection system, low fault current levels during islanding mode that require an 

improved intelligent protection system, and frequency control during islanding operation [10], [12]. CERTS is 

evaluating how these resources when deployed in large numbers, affect and could be modified to enhance 

electricity grid reliability. 

The CERT microgrid concept assumes interconnecting a group of loads and DERs that must be power 

electronic based to provide the required flexibility to ensure operation as an isolated system.  This control 

flexibility allows the CERTS microgrid to present itself to the bulk power system as a single controlled unit 

that meets local needs for reliability and security [13]. In contrast to traditional approaches for integrating DER, 
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the CERTS microgrid introduced a well-controllable design to seamlessly isolate from the grid if the problems 

arise and reconnect once they are resolved. To fulfill these requirements, highly sensitive sensing units and 

high-speed switches are used to isolate the microgrid from the power system during abnormal grid conditions. 

This strategy allows the DER units to meet critical load demand and an advanced protection system and 

controller to ensure power quality and reliability [14], [15]. The CERT microgrid concept is based on some 

basic requirements that are summarized as:  

  

1. Providing automatic and seamless transitions between grid-connected and islanded modes of operation to 

ensure load service continuity.  

2. Implement an advanced protection system compatible with low fault current.  

3. Implementation of an advancing control system capable of maintaining voltage and frequency stability 

during islanding conditions without needing an advanced communication system. 

 

A unique feature of the CERT microgrid concept is that sensitive communication systems are not needed 

to control the individual DER units. Their controls automatically adapt to the new operating conditions resulting 

from the switch operating. 

In this paper, validation of the CERTS microgrid concept is introduced by introducing a comprehensive 

investigation into the design, optimization, and performance analysis of an integrated microgrid comprising 

multiple photovoltaic (PV) cells, battery energy storage system, and AC loads with embedded controllers.  

The microgrid stability is tested during different operating conditions such as grid-connected, islanding, 

and fault and loading conditions. Also, the control system of the microgrid is tested and evaluated during 

different operating conditions using the Matlab Simulink platform. A fault analysis study is carried out to reveal 

the operational challenges associated with microgrid connection from the protection perspective. 

In section II, the cert microgrid architecture and modeling are highlighted, simulation results are 

discussed in section III, and the conclusion is introduced in section IV. 

II.CERTS Microgrid System Architecture  
According to the CERT microgrid concept, the microgrid structure assumes an aggregation of small sources and 

loads operating as an independent system providing electrical power. To achieve the required flexibility to ensure 

controlled operation as a single aggregated system, most of these sources are restricted to be power electronic-based to 

meet the local customers’ needs related to reliability and security. Another important function of the control system is 

enabling the microgrid to operate in the grid-connected and islanding mode as well as a smooth transition between them 

[16]- [20]. An illustration of the CERT microgrid architecture is indicated in Fig. 1. The microgrid system is assumed to 

be a radial system with three feeders and a collection of loads. It consists of four loads (L1, L2, L3, and L4), and three 

distributed energy resources (two photovoltaic sources and one battery energy storage device. DER-PV1, DER-PV2, and 

DER-Bt.s). 

 The loads utilized are fixed loads , which are either capacitive or inductive. The CERTS microgrid system is 

connected to the grid utilizing a step-down transformer; this transformer is rated at 13.8 kV on the primary side and 0.480 

kV on the secondary side [21], [22]. 

The four buses of the microgrid are connected via 5- feeders [ T11, T22, T33, T34, T44], each feeder is 68.58. 

The parameters of the microgrid are indicated in Table 1. To create a well-controllable design CERTS microgrid that 

could seamlessly isolate from the grid, the three distributed energy resources are interfaced to the grid through a voltage 

source converter (VSC) which is best suited to interconnecting a microgrid to the main power grid. 

Table 1 CERTS microgrid system parameters. 
Transformer parameter  Value  

T1 15.0 MVA, 60Hz, 13.8/0.48KV,   X/R=6,   Z=5% 

L3, L4 90KW,45KVAR 

L5 90KW,-40KVAR 

L6 90KW,-20KVAR 

Load parameter  Value  

Line11, Line22, Line33, and Line 44 Size(AWG2),68.58m, 60Hz 

Line34 Size(AWG2/0),22.86m 

DER-PV1, DER-PV2 100KW, Unity Power Factor (3-Phase Capacitor Bank (15kVA)). 
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Figure.  1 CERTS microgrid Architecture. 

 

By its capability to fast reactive power flow and voltage control at its terminals, VSC could enable a black start to 

energize connected microgrid or re-energizing grid; contributing to power system and voltage stability. Three different 

control methodologies were used to ensure the seamless transitions between grid-connected and islanded modes of the 

microgrid. A current-mode control with an active/reactive power controller in the dq-frame is used for battery energy 

storage [23]. To ensure that the maximum power is derived from the photovoltaic array, a control methodology referred 

to as modified-current mode control with DC link voltage is used for PV1 in grid-connected mode only and for PV2 in 

both grid-connected and isolated mode. For PV1 in islanding mode, frequency-mode control is used to control both the 

frequency and voltage. For VSC, three different control methodologies were used: 

 

A. VSC- Current-Mode Control 

Three-phase active and reactive power of the microgrid sources need to be controlled and adapted during the grid-

connected mode, so the VSC-current mode controller is used. By park transformation, the three-phase quantities are 

transformed into a rotating d-q frame to decrease the number of control loops from three to two and facilitate the 

controller design and simulation. To control the power and reactive power, the line current’s phase shift and amplitude 

are controlled. The following equations describe the basis of the transformation and controller [24]. 
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 Fig. 2 shows a schematic diagram of a current-controlled VSC system.   In this controller mode, to adjust the 

active and reactive power, the three-phase VSC output currents and grid voltages are transferred from abc-to-dq0 frame to 

produce the control signals𝑣𝑠𝑑(t), 𝑣𝑠𝑞(t), 𝑖𝑑(t) and 𝑖𝑞(t) respectively. These signals are processed using a compensator to 

generate the control signals of the VSC, i.e. the modulation signals [24]. 

To achieve the synchronization between the VSC currents and grid voltage grid voltage’s phase angle should be 

determined. In this model, the synchronization is performed using the phase-locked loop (PLL) method which follow 

quickly the variations in the grid phasing. The PLL component generates the synchronization angle that enables e the 𝑣𝑠𝑞(t) 

to be kept constant at zero in the steady-state condition, facilitate the system’s control, simplify the compensator design, 

and decrease the steady-state errors [25]. To match the system-produced real and reactive power with their required values 

and also to produce the reference values of current in dq-frame (idref),(if) depending on the following equations:  
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𝑖dref⁡(𝑡) =
2

3𝑣sd⁡
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Figure.  2 Schematic diagram of a current-controlled VSC. 

 

After that, the reference currents are generated, and fed into the compensator along with the AC side currents and 

AC side voltages. Converted back the output of the compensator to three phases from the dq0 frame, then fed them into 

the PWM generator to generate the gating signals needed for the firing of the VSC [26]. 

 

B. Controlled-Frequency VSC System 

 

In a controlled-frequency VSC system, the voltage and frequency at the point of common coupling (PCC) are 

controlled during islanding mode; thus, the real and reactive power that the VSC system exchanges with the AC system 

are controlled. 

During grid disturbance conditions, the microgrid should be isolated and operate in stand-alone mode then, is required 

to maintain typical frequency values on all buses and the voltage values as well. Frequency mode control methodology is 

used for PV1 in islanding mode as it is modeled to operate in both islanded mode and grid-connected mode. Implementation 

of the frequency control model for the photovoltaic source-1 PV1 is illustrated in Fig. 3 [25]- [27].  

 

Figure.  3 Modelling of the frequency controller for the PV1. 
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C. Modified Current-Mode Control with DC Link Voltage 

In [26- 27], the VSC current-mode control principles are discussed in detail. The enhancement in this controller is 

concerned with regulating of power factor of the PV system. Controlling the power generated by the PV system is achieved 

by controlling the DC link voltage. The objective function of the DC link voltage-control scheme is to ensure that the PV 

behaves in a stable manner and safe operation of the VSC. The modified current mode with DC link voltage control 

implementation is indicated in Fig. 4. 

 
Figure.  4 Modified current-mode control with DC link voltage schematic diagram. 

 

III.Simulation Results and Discussions 
In this section, the simulated CERTS microgrid system was tested and evaluated during different operating conditions 

using the Matlab Simulink platform. The generated voltage, currents, and power are receded for different load conditions 

to evaluate the grid stability in isolates and grid-connected scenarios. A fault analysis study is carried out to highlight the 

challenges of traditional protection schemes. 

In this section, the dynamic performance of the modeled CERT microgrid system is investigated under normal loading 

conditions, the transition from grid-connected to islanding mode, sudden change in loading values, different values of solar 

irradiation, and initialization of system from reset (zero initial conditions).  The voltage and current signals at the four main 

buses of the microgrid (Bus1, Bus2, Bus 3, Bus4) are recorded for each case (refer to Fig. 1).  

A. Normal loading condition 

During grid-connected mode, the microgrid with its full load is initiated from rest with zero initial conditions, it can 

be noticed that the modeled system could reach its steady state values within 0.25sec, see Fig. 5 a & b. Also, the microgrid 

system reached its steady state values during islanding mode within 0.25 sec as indicated in Fig. 6 a & b. The current and 

voltage waveforms take about 0.25 seconds as a transient period to reach their steady-state values. 

 
 

a) Voltage waveforms. 
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b) Current waveforms. 

 

Figure.  5 Voltage and current waveforms of the micro-grid system measured at Bus1-Bus 4 during initialization of the 

grid-connected condition. 

 

 
a) Voltage waveforms. 

 
b) Current waveforms. 

Figure.  6 Voltage and current waveforms of the micro-grid system measured at Bus1-Bus 4 during initialization 

of the islanding mode condition. 
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B. Transition from grid-connected to islanding mode 

The stability of the modeled CERT microgrid system is tested during the transition from grid-connected mode to 

islanding mode. As shown in Fig. 7, if the microgrid is disconnected from the main grid after 0.7sec, it can restore its steady 

state within 0.8sec. The voltage waveforms are exposed to a slight change in their magnitudes at the instant of isolation, 

but they quickly regain their steady-state values within 0.8sec as shown in Fig. 7. a. Also, the current waveforms were 

rabidly increased at the moment of isolation, but they regained their steady values within 0.8 sec, as in Fig. 7. b. 

 
a) Voltage waveforms. 

 
b) Current waveforms. 

Figure.  7 Voltage and current waveforms of the micro-grid system measured at Bus1-Bus 4 during the 

transition from grid-connected mode to islanding mode. 

c) Sudden change in loading values  

In grid-connected mode, if the additional load is added in parallel with load 3 (L3) at 0.7 sec, the voltage waveforms 

could keep their stable values as in Fig. 8. a, and the electrical current drawn from the grid increased, and this appeared to 

increase in Bus 1 and Bus 2 currents as in Fig. 8. b. In contrast, the voltage magnitude shows a reasonable decrease at the 

moment of load change during islanding mode as in Fig. 9. a, and the current magnitude of the current measured at all the 

microgrid buses is increased as in Fig. 9. b. The CERT microgrid system could maintain its stability during load change. 
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a) Voltage waveform. 

  
b) Current waveforms. 

Figure.  8 Voltage and current waveforms of the micro-grid system measured at Bus1-Bus 4 for the sudden 

change in load magnitude during the grid-connected mode. 

 
a) Voltage waveforms. 
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b) Current waveforms. 

Figure.  9 Voltage and current waveforms of the micro-grid system measured at Bus1-Bus 4 during a 

sudden change in load magnitude in islanding mode. 

 

 

c) Change of solar irradiance 

The solar irradiance variation effects on the response of the CERT microgrid system during grid-connected and 

islanding modes are indicated in Fig. 10 & 11. The irradiation value is increased from 600 w/m2 to 800 w/m2 at 0.5 sec, 

the CERT microgrid system is responding to this increase by the current magnitude increasing. 

 
a) Voltage waveforms. 
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b) Current waveforms. 

Figure.  10 Voltage and current waveforms of the micro-grid system measured at Bus1-Bus 4 for the sudden 

change in solar irradiance magnitude at 0.5sec during grid-connected mode. 

 
a) Voltage waveforms. 

 
b) Current waveforms. 

Fig.  11 Voltage and current waveforms of the micro-grid system measured at Bus1-Bus 4 for the sudden 

change in solar irradiance magnitude at 0.5sec during the islanding mode. 
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c) Fault analysis study  

The three-phase short circuit at the mid-point of the feeder T22 during the grid-connected and islanding modes is carried 

out, and the voltage and current magnitudes are recorded as in Figs. 12 and 13. It can be noticed that the steady-state 

fault current level recorded at Bus 2 for grid-connected mode is greater than that for islanding mode due to the fault 

current support from the grid. In the grid-connected mode, the fault current level could be easily detected by the 

traditional overcurrent protection scheme, and the fault could be successfully isolated.  

 
a)  Voltage waveforms. 

 
b) Current waveforms. 

Figure.  12 Voltage and current waveforms of the micro-grid system measured at Bus1-Bus 4 for solidly 

ABC fault at the mid-point of feeder T22 during grid-connected mode. 
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a) Voltage waveforms. 

 
b) Current waveforms. 

Figure.  13 Voltage and current waveforms of the micro-grid system measured at Bus1-Bus 4 for solidly 

ABC fault at the mid-point of feeder T22 during islanding mode. 

 

In contrast, the steady-state fault current level during island mode that is recorded at Bus 2 (I2) is decreased, and its 

magnitude may not be detected by the traditional overcurrent relay scheme. However, the three-phase fault in both grid-

connected and islanding modes could be successfully detected; the situation will be worse if the fault resistance is 

considered, especially in islanding mode. Fig. 12 shows that despite a three-phase fault at Bus 2, which is close to the point 

of common coupling (PCC), the grid support prevents a significant reduction in voltage. On the other hand, because of its 

distance from the grid, the voltage decreases for the identical fault at line T44's midpoint is noteworthy; see Fig. 14, the 

voltage magnitude at Bus 4 (V4). The fault current magnitudes recorded for the islanding mode are large and the fault 

could be isolated with the traditional protection schemes, see Fig. 15.  
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a)  Voltage waveforms. 

 
b)Current waveforms. 

Figure.  14 Voltage and current waveforms of the micro-grid system measured at Bus1-Bus 4 for solidly 

ABC fault at the mid-point of feeder T44 during grid-connected mode. 
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a) Voltage waveforms. 

 
b) Current waveforms. 

Figure.  15 Voltage and current waveforms of the micro-grid system measured at Bus1-Bus 4 for solidly 

ABC fault at the mid-point of feeder T44 during islanding mode. 

Traditionally, the short feeders are usually protected by a simple overcurrent protection scheme that is initiated by the 

fault current magnitude. If the fault resistance is considered, the traditional protection scheme will not be sufficient for a 

microgrid system in islanding mode. 

 The same responses for solidly AB fault at the midpoint of feeder T44 are achieved, the fault current level is decreased 

in the islanding mode w.r.t grid-connected mode as in Figs. 16 and 17. 
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a) Voltage waveforms. 

 
b) Current waveforms. 

Figure.  16 Voltage and current waveforms of the micro-grid system measured at Bus1-Bus 4 for solidly AB 

fault at the mid-point of feeder T22 during grid-connected mode. 
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a) Voltage waveforms. 

 
b) Current waveforms. 

Figure.  17 Voltage and current waveforms of the micro-grid system measured at Bus1-Bus 4 for solidly AB 

fault at the mid-point of feeder T22 during islanding mode. 
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a) Voltage waveforms. 

 
b) Current waveforms. 

Figure.  18 Voltage and current waveforms of the micro-grid system measured at Bus1-Bus 4 for solidly AG 

fault at the mid-point of feeder T22 during grid-connected mode. 

The situation is worsened for phase-to-ground faults; an AG fault occurs at the midpoint of feeder T22; the voltage 

magnitude in the case of grid-connected is slightly affected; and the fault current contribution from the grid is high and can 

be detected as shown in Fig. 18. In contrast, the fault current contribution from the DERs during islanding mode is 

insufficient to be detected by the traditional protection elements, as shown in Fig. 19. Also, there is a sensible overvoltage 

in the healthy phases in the islanding mode. 
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a) Voltage waveforms. 

 
b) Current waveforms. 

Figure.  19 Voltage and current waveforms of the micro-grid system measured at Bus1-Bus 4 for solidly AG 

fault at the mid-point of feeder T22 during islanding mode. 

 

IV. CONCLUSION 

In this paper, an effective model of the CERTS microgrid testbed system is introduced. The model is tested in both 

grid-connected and islanding modes for different normal and up-normal conditions. The stability of the model and the 

evaluation of the DER-controller during varying load values, variation of solar irradiance, and transition from grid-

connected to islanding mode. The introduced model is used to evaluate the performance of the overcurrent scheme 

traditionally used in short feeder protection. A detailed fault analysis study is carried out through the modeling of different 

fault types at different locations during the grid-connected and islanding modes. The study concluded that the traditional 

protection scheme based on overcurrent relays was unable to provide efficient protection for microgrids during the 

islanding mode. So, the smart protection scheme is required for perfect fault detection, classification, and isolation of 

microgrids during islanding mode. 
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