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Abstract— This paper studies, the grid-interconnection 

requirements of directly connected medium-voltage (MV) Silicon 

Carbide-based (SiC-based) converters and details the necessary 

control implementations. These power electronic converters 

follow the interconnection standard IEEE 1547-2018, but can also 

have additional controls supported by the microgrid standards in 

IEEE 2030.7, which is demonstrated in this work. Additionally, 

this paper defines the grid applications realized by these directly 

connected medium-voltage power electronic converters at the 

distribution scale and demonstrates results. The controls for the 

studied grid applications are then developed and implemented on 

the controller. The paper also includes details of the control 

algorithm development and validations of the control algorithm 

through hardware-in-the-loop results.  

Keywords—distribution system, grid application, back-to-back 

converter, controller development 

I. INTRODUCTION 

With the increasing commercial availability of high-quality, 
and reliable Silicon Carbide (SiC) devices that can operate at 
voltages relevant to medium-voltage distribution utility 
applications [1], it is critical to develop a technical pathway for 
such applications to ensure the successful, widespread use of 
medium-voltage SiC devices and modules. The adoption of 
medium-voltage SiC-based power electronics in the electric grid 
would provide an important tool for the efforts in grid 
modernization. The grid-connected power converters are used in 
medium-voltage distribution grids for myriad applications such 
as, solid-state circuit breakers, fault-current limiter, and power 
conditioning systems. [2] – [5]. Additionally, the increasing 
penetration of renewable energy sources into the power grid has 
resulted in increased medium-voltage power converters as 
interfaces to these energy resources [6] – [8]. It is estimated that, 
approximately 99% of the power generated by the present 
photovoltaic (PV) power plants in the world is being injected 
into medium-voltage grids [9] – [12]. Fig. 1 shows the potential 

range of directly-connected medium-voltage power electronic 
converters, including: medium-voltage to low-voltage 
conversion (i.e. a solid-state transformer); medium-voltage to 
DC conversion to easily integrate inherently DC systems such 
as photovoltaics (PV), battery systems, and electric vehicles; 
and medium-voltage to medium-voltage back-to-back 
(MVB2B) converters (highlighted in yellow and the focus 
application of this paper), which connect portions of grids 
together and allow full asynchronous power flow control 
between intertied distribution systems.  

In this paper, Section II presents the study of multiple 
standards that are used to identify and implement necessary grid 
support controls required to enable the direct connection of 
medium-voltage SiC-based back-to-back ac power converters 
for distributed energy resources (DERs) to the grid, microgrid to 
microgrid connection, and microgrid to grid interconnection, 
including IEEE 1547-2018, IEEE 2030.7. Section III presents 
analysis for grid applications development. This section presents 
capabilities enabled by a directly connected MVB2B converter 
and compares them to a system with traditional components. 
This also helps quantify the benefits of having these solid-state 
interconnects in the grid through grid voltage support, reactive 
power compensation, etc. Section IV presents a detailed 
explanation of the development of controls for the applications 
developed in Section III. Section IV also includes the 
implementation and results from the evaluation of the developed 
controls on a 500 kW, 13.8 kV back-to-back converter through 
a controller-hardware-in-the-loop (CHIL) setup. Finally, 
Section V presents the conclusion and the focus of future work.   
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Fig. 1. Grid application examples of directly connected medium-voltage 

power electronic converters including a medium-voltage/medium-voltage 

intertie. 
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II. GRID CONTROLS APPLICABLE STANDARDS AND 

IMPLEMENTATION 

In this section, the standards that can be used for the control 

design of directly connected MVB2B converters are discussed. 

A use case shows how multiple standards are combined for 

some functionalities. The gaps in these standards by themselves 

as applicable for such directly connected MVB2B converters 

are also identified. 
This paper discusses standards that are applicable for the 

grid-connected operation of a medium-voltage power converter 
not including communications protocols for this study. The main 
standards focused on are IEEE 2030.7 and IEEE 1547-2018. 
The purpose of the IEEE 2030.7 standard is to outline control 
mechanisms to properly manage and integrate microgrids with 
the electric power system reliably and seamlessly [13]. It defines 
the functionalities and requirements of a microgrid controller 
that monitors the interface between the power grid and the 
microgrid at the point of connection (POC). Similarly, the IEEE 
1547-2018 standard affects the design and capability of the 
power converters that integrate the DERs to the electric power 
system [14]. The standard defines frequency and voltage ranges 
for normal and abnormal operation of DERs. It specifies the grid 
support functions and the operating regions for the DERs. The 
advent of medium-voltage SiC switches that have higher voltage 
blocking capacity, lower loss, and better thermal performance 
has enabled the design of medium-voltage power converters for 
grid connection. These converters can be used for myriad grid-
connected applications, as shown in Fig. 1. Depending on these 
applications, the integration and control of such converters can 
be governed by one or more standards, such as IEEE 2030.7 and 
IEEE 1547-2018. In the development of different controls for 
such cases, the appropriate combination of guidelines from both 
standards must be implemented. One such application for these 
converters is to be used as grid interconnects between a 
microgrid and the main power system. The entering service 
sequence for such use will be based on both IEEE 2030.7 and 
IEEE 1547-2018 standards, as shown in Fig. 2. The actions 

shown in the blue boxes (see Fig. 2) are derived from the IEEE 
1547-2018 guidelines for entering service command, whereas 
the actions shown in the orange boxes are derived from steps 
outlined in IEEE 2030.7. It should be noted that the 
identification of the sequence of these actions is important for 
seamless entering of service and for reliable operation of the 
power grid without causing a transient. 

The IEEE 1547-2018 standard outlines ranges for entering 
service and synchronization. It also specifies the ramp rate for 
active power after the breaker is closed. It does not specify, 
however, how to determine the current operating state of the 
DER and it assumes that the DER will transition to grid-
connected mode. It also does not specify the transition function 
logic that helps determine the operation mode of DERs or to 
which mode it should transition. On the other hand, the IEEE 
2030.7 standard specifies the transition logic for transitioning 
from islanded mode to grid connected mode. In addition, it 
provides a flowchart diagram that portrays how the transition 
knowing the transition mode of the DER helps the dispatch 
function to fetch the corresponding dispatch rule. Similarly, 
functions such as power restoration have conflicting 
requirements from the two standards and need to be identified 
clearly based on the area power system and grid application of 
the power converter. The next section presents studies for the 
grid applications development for directly connected MVB2B 
power converters. 

III. GRID APPLICATIONS DEVELOPMENT 

In this section, a series of grid application scenarios are 
designed to analyze the benefit and impact that a MVB2B 
converter would bring to the power grid. The objective is to 
simulate and analyze different grid application use cases, 
quantify the benefits and impacts of each use case, and then 
select the grid applications that have more benefits than others. 
In this paper, a 500 kVA, 13.8 kV three-phase MVB2B 
converter is added to the IEEE 123-bus test system and the 
results from the voltage support use cases are presented. All the 

Fig. 2. The control flow diagram for merged IEEE 1547-2018 and IEEE 2030.7 requirements for medium-voltage grid-connected converters to be used for grid 

interconnects. 
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simulations performed in these use cases are one-day long with 
1-minute resolution. These use cases are targeted at testing and 
analyzing the voltage support function of the converter. 

A. System Setup 

In this work, the IEEE 123-bus system is used as the test 
system, as shown in Fig. 3. This system has 85 load buses, 
including balanced three-phase load and unbalanced single-
phase load. The voltage support and regulation for this system 
comes from eight devices, including four voltage regulators and 
four capacitor banks. Instead of simply allocating the substation 
load onto each load bus with the same load shape inherited from 
the substation load profile, diversified load profiles are 
populated to the load buses to guarantee that each load bus has 
a unique load shape [15]. This helps maintain the load diversity 
factor of this test system within a reasonable and realistic range, 
which helps simulate a more realistic environment for the 
MVB2B converter application testing.  

B. Case Study 

In this subsection, results from case studies for the voltage 
support applications of the MVB2B converter are presented. As 
shown in Fig. 3, a 500 kVA, 13.8 kV, three-phase MVB2B 
converter is positioned at Bus 60 where the blue circle is placed. 
Results from two case studies are presented here: high voltage 
alleviation and real-time voltage regulation. These two use cases 
are targeted at testing and analyzing the voltage support function 
of the MVB2B converter. As shown in Fig. 4, it is assumed that 
for a certain amount of output real power, there is a range of 

reactive power in which the converter can either generate or 
absorb reactive power to provide voltage support or voltage 
regulating service. As shown in Fig. 3, all four regulators are 
taken out (as shown by the red lines) for the base case and 
MVB2B converter cases. The capacitor banks are also turned off 
for all the cases. In order to demonstrate that the voltage 
regulating function of the converter outperforms the traditional 
voltage regulators, a test with all the four regulators equipped is 
done for comparison in the case study of voltage regulation.  

Fig. 5 shows the results of the high voltage alleviation case. 
As the voltage profile rises in the middle of the day (see the red 
line shown in Fig. 5(a)) because of the solar power back-feeding, 
it  is successfully reduced to approximately 1 per unit (p.u.) with 
the reactive power absorption function of the converter. Fig. 5(b) 
shows the reactive power absorption profile for the converter 
and the upper and lower limits of the reactive power 
injection/absorption. In this case, it can be observed that 
approximately half of the absorption capacity is used to reduce 
the voltage down from 1.02 p.u. to 1.p.u.  

Fig. 6 shows the results for a real-time voltage regulation 
grid application. In Fig. 6 (a), the yellow line represents the basic 
case with no PV and voltage regulators in the system, the blue 
line represents the case with 80% penetration of solar generation 
in the system, the purple line represents the case where voltage 
regulators are also deployed in the 80% PV penetrated system, 
and the red line represents the case where the MVB2B converter 
is used for voltage regulation in the 80% PV penetrated system.  

Fig. 3. IEEE 123-bus feeder topology. 

P

Q

Q

Powering Load 

Fig. 4. Model of voltage support function. 

(a) 

(b) 

Fig. 5. Results showing grid application of high voltage alleviation through 

MVB2B converter. 
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It can be observed in Fig. 6(a) (see red line) that the voltage 
profile is successfully maintained at about 1 p.u. with the 
reactive power injection/generation function of the converter 
even with a lot of back-feeding solar power during the middle of 
the day. The purple line in the higher end shows that the voltage 
profile cannot be regulated well in the case where traditional 
regulators are working in the system with high solar penetration. 

Fig. 6(b) shows the reactive power absorption profile of the 
converter, where the red and yellow lines represent the upper 
and lower limit of the reactive power injection/absorption of the 
converter, respectively. It can be observed that this 500 kVA 
MVB2B converter is able to absorb the reactive power and 
regulate the voltage close to 1 p.u. most of the time with little 
discrepancy. The above voltage support cases demonstrate the 
voltage regulation capability of the MVB2B converter. These 
results show that in a system with high PV penetration, a 
MVB2B converter provides better voltage regulation than 
traditional voltage regulators. The next section presents the 
development of control algorithms for these use cases and their 
evaluation. 

IV. GRID APPLICATIONS CONTROLS AND EVALUATION  

In this section, the control algorithms for the grid 
applications demonstrated in Section III are developed and 
evaluated. In order to develop grid-support controls, the 
MVB2B-connected voltage source converters are modeled, as 
shown in Fig 7. It should be noted that the actual hardware 
development for this work uses 10 kV SiC modules, and the 
topology of the power converter is MVB2B-connected modular 
multilevel converters. A detailed transient domain switching 
model of a 500 kVA, three-phase, MVB2B converter (see Fig 7) 
was developed in PLECS. It was interfaced with Simulink for 

the control development. The switching frequency used in the 
simulation is 20 kHz. The developed grid-support controls are 
volt-watt (VW) for voltage support through active power, 
frequency-watt (FW) for frequency support through active 
power, and volt-var (VVAr) for voltage support through reactive 
power.  

A detailed block diagram of the controls for the grid support 
functions is presented in Fig. 8. Fig. 8 shows the VVAr, VW, 
and FW implementation in the SimPowerSystems platform. 
This representation has three parts : the inputs used to obtain the 
reference points, the controllers used, and the outputs that drive 
the lower level inverter current control. This control algorithm 
uses three-phase sinusoidal grid waveforms at point-of-
common-coupling (PCC), frequency measurement at PCC, and 
the apparent power limit on the converter. For voltage 
regulation, the VVAr and VW controllers generate real and 
reactive power references, respectively, to control the voltage. 
The converter uses predefined curves for these functions. It 
should be noted that during field operation, the converter will be 
equipped to use the stored default curves or updated curves 
received in real time from the distribution management system. 
The three-phase RMS voltage values are calculated and then 
used to generate references using the default VW and VVAr 
curves. Since, only the VVAr control sets the reactive power 
reference, it is directly used to calculate the reference current 
phase angle (see Fig. 8). The curve used for the VVAr was 
designed for testing, but it closely resembles the curve from 
IEEE 1547-2018 [14]. The VVAr-enabled converter injects or 
absorbs reactive power autonomously to the grid in order to 
mitigate grid voltage fluctuations based on the grid application 
studied in the previous section. The real power reference is 
generated using both the VW and the FW curves. The VW 

Iph,sense
VLL,sense

13.8 kVLL,rms

Filter

Vdc

AC 
Contactor

Back-end 

Converter
Iph,sense

Filter
Front-end 

Converter

13.8 kVLL,rms AC 
Contactor

VLL,sense

Fig 7. Schematic of the medium-voltage back-to-back converter modeled for controls development. 

(a) (b) 

Fig. 6. Results showing grid application of real-time voltage regulation though MVB2B converter. 
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parameters were selected such that after the VVAr control 
reaches its reactive power absorption limit, the VW curve would 
start curtailing real power generation. The goal of the FW 
function is to work along with the VW to generate the real power 
reference. The curve used for the FW function was also designed 
to make testing the controllers easier. After two real power 
references are generated, priority is given to the controller that 
curtails more. Consider the case when the VW generates a real 
power reference of 1.0 p.u. and the FW generates a real power 
reference of 0.5 p.u. In this scenario, priority will be given to the 
FW power reference, and the inverter will be asked to generate 
0.5 p.u. of real power. Finally, a check is made to ensure that the 
apparent power calculated from the real power and the reactive 
power references do not exceed the apparent power limit of the 
inverter. After this check, the current magnitude and the phase 
angle references are generated for the current control (see Fig. 
8). 

 This control algorithm was implemented on a controller and 
connected to a CHIL setup for evaluations. The CHIL platform 
is assembled using a National Instrument’s single-board RIO 
(sbRIO) with General Purpose Inverter Controller mezzanine 
card (see Fig. 9). The location of different control functions on 
the controller and the data exchange between different control 
layers as well as the real-time digital simulator are shown in Fig. 
10. The grid support functions – such as VVAr, VW, and FW 
are programmed in the real-time layer of the controller. The 
high-speed converter control functions – including the ac current 

and dc voltage feedback control loops, phase locked loop, and 
unintentional island-detection algorithms – are coded on the 
FPGA of the controller. The power converter was implemented 
on a digital real-time simulator, in this case the Opal-RT 
OP5607 FPGA expansion unit. The detailed development and 
evaluation of the CHIL setup is presented in [16].  

The first evaluation is for the voltage regulation use case 
through reactive power support. The VVAr curve used to 
develop these controls and verify them is shown in Fig. 11 (a). 
It should be noted that this is only a sample curve closely 
resembling the curve in IEEE 1547-2018 Category III DER. 
These controls will help regulate the voltage at the PCC by 
injecting or absorbing reactive power during any voltage sag or 
swell event, respectively. The voltage at the terminal of the 
modeled converter was given step changes, as shown by the blue 
curve in Fig. 11 (b). The black graph in Fig. 11 (b) shows the 
reactive power set point with respect to the time calculated using 
the VVAr curve shown in Fig. 11 (a) for the provided voltage 
variation. The red graph shown in Fig. 11 (b) is the plot of the 
measured reactive power at the power converter terminals. It can 
be observed from Fig. 11 that the measured reactive power 
closely follows the reference reactive power for the inverter. The 
developed controls will enable the implementation of the grid 
application studied in the previous section. These controls will 
alleviate high voltage and real-time voltage regulation support 
to the grid.  

The second controls evaluated are for the FW grid support 
function.  In this test case, voltage and frequency were controlled 

Fig. 8. Developed controller with grid support functionality. 

Fig. 10. Block diagram of the CHIL setup. 
Fig. 9. Controller used in the CHIL setup. 

sbRIO 

GPIC 
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in the real-time simulator. Table I summarizes the grid voltage 
and frequency set points for the test case. The voltage is kept 
constant at 0.975 p.u. throughout the experiment. The VAr 
reference for this voltage is zero (see Fig. 11 (a)). The frequency 
is changed from 60 Hz. to 60.1 Hz. and then back to 60 Hz. At 
60.1 Hz., the active power set point is 0.5 p.u. (250 kW) for 60.1 
Hz (see Table I). The results obtained from the CHIL 
evaluations are shown in Fig. 12. The blue curve (see Fig. 12) 
shows the power grid frequency as observed by the power 

converter. The green curve shows the real power reference 
generated using the FW curve. The red curve shows the 
measured active power injected into the grid at the PCC. It can 
be observed that the steady-state results match the frequency-
watt curve programmed in the controller within the 5% error 
limit. It should be noted that the ramp observed in the measured 
active power is caused by the implemented ramp-rate control in 
the controller. The slope of this change can be modified by 
modifying the ramp-rate programmed in the controller. The 
controls developed, evaluated, and validated in this paper 
include grid support functions, including VVAr, VW, and FW.  

V. CONCLUSION AND FUTURE WORK 

This paper showed the impact of the advent of medium-
voltage SiC devices for the power systems. It has been shown 
how these devices enable myriad direct medium-voltage 
distribution system connected power converters for grid support 
applications. The combination of various standards on the 
control of these power converters has been discussed in this 
paper. A detailed discussion on how guidelines from standards 
such as IEEE 2030.7 and IEEE 1547-2018 need to be combined 
for different operations of a directly grid connected MVB2B 
power converter has been presented. This has been demonstrated 
using a use case of entering service. Additionally, a study of grid 
applications has been presented in this paper. This study 
quantified and demonstrated how addition of these MVB2B 
converters to the power grid enables multiple grid support 
functions. Results from use cases have been presented that 
demonstrate better voltage regulation in a system with high PV 
penetration and MVB2B power converters as compared to a 
high PV penetration system with traditional voltage regulators. 
Furthermore, control algorithms for the studied grid application 
of voltage support have been developed for a 500 kW, 13.8 kV 
back-to-back converter. The developed control algorithms have 
been implemented on a controller and evaluated on a CHIL 
setup, in this paper. In the future, other functionalities – such as 
ride-through, island detection, grid-forming, will be developed 
and implemented. These controls will also be verified on a SiC-

Time 

(s) 

V 

(p.u.) 

F step (Hz.) Watt Reference 

0.08 0.975 Steps from 60 to 60.1 
Set 1.0 p.u. at 60.0 Hz and 

0.5 p.u. at 60.02 Hz 

0.3 0.975 Steps from 60.1 to 60 
Set 0.5 p.u. at 60.02 Hz and 

1.0 p.u. at 60 Hz 

 

TABLE I. SETTINGS FOR TEST CASE USED IN FW VERIFICATION. 

Fig. 12. CHIL test results for FW test case for the grid connected converter. 

Fig. 11. (a) VVAr curve used for the verification; and (b) CHIL test results showing voltage steps, reactive power set points, and the measured reactive power 

injected into the grid at the PCC. 

                  (a)         (b) 
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based MVB2B converter, and the full system will be evaluated 
for grid benefits in a power-hardware-in-the-loop system. 
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