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Abstract— CURENT’s grid emulator contains multiple 

inverters to mimic the behaviors of several grid elements. The 

filtering inductor at the ac terminal of an inverter filters out the 

switching ripple current. However, the voltage on the point of 

common coupling (PCC) still contains switching harmonics. A 

decoupling capacitor at the PCC can effectively suppress the 

switching ripple voltage and improve voltage quality of the grid 

emulator. This paper provides a reduced order model of the multi-

inverter system. With this reduced model, the PCC voltage 

harmonics can be derived. The decoupling capacitor of the PCC is 

designed to suppress the switching ripple based on the reduced 

model. Simulation and experimental results are provided to 

validate the proposed model and the decoupling capacitor design.  

Keywords—multi-inverter, power quality, filter design, 

decoupling capacitor 

I. INTRODUCTION 

Real-time grid emulator is a tool that tests grid behaviors in 
a real-time manner.  CUENT’s power electronics based 
reconfigurable real-time grid emulator, also known as the 
hardware test-bed (HTB), is developed as a unique emulation 
platform to overcome various issues with digital emulators and 
conventional hardware-based emulators [1]. The HTB uses 
identical power electronics inverters to emulate the external 
properties of typical grid elements. Each inverter is programmed 
digitally with the built-in digital signal processors (DSPs) to 
behave as various devices/equipment in an electrical system, 
including sources, loads, and transmission/distribution 
equipment.  

The HTB system contains multiple inverters interconnected 
to an ac link as shown in Fig. 1. The point of common coupling 
(PCC) voltage is distorted by switching frequency harmonics 
since the PWM pulses from each inverter are coupled to the 
interconnection point. The contribution of each inverter depends 

on the filtering inductance of the inverter and the interconnection 
configuration. 

To clean the high frequency noise at the PCC, LCL filters are 
commonly adopted [2].  However, the LCL network may 
interact with the inverter controller and lead to inherent 
instability at the resonance frequency [3]–[6]. Theoretically, a 
line resistor can help with voltage/current resonant damping. 
However, the line resistance increases the system power loss. To 
avoid this additional power loss, a virtual damping resistor has 
been proposed in [7]–[9] to replace the actual resistor and 
improve the system stability. However, each of the 
aforementioned methods is based on a specific scenario, and 
normally the more complicated method is not suitable for a large 
interconnected system such as the HTB system. Also, the control 
method in literature is not suitable for CURENT’s HTB system 
since the HTB inverter control needs to be focused on emulating 
grid elements. 
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Fig. 1. System configuration of hardware test-bed. 



This paper provides a simple decoupling capacitor design 
that is suitable for multi-inverter based HTB system that can 
effectively clean the high frequency components on the inverter 
PCC. The reduced order model of the HTB system is derived in 
this paper. The decoupling capacitor design is based on the 
reduced order model of the system. This paper is organized as 
follows. The system configuration is provided in Section II. The 
reduced order modeling of multi-inverter system is derived in 
Section III. The decoupling capacitor design is provided in 
Section IV. The simulation and experiment results are provided 
in Section V to validate the effectiveness of the derived model 
and designed decoupling capacitor. 

II. SYSTEM CONFIGURATION  

The grid elements are emulated by inverters in the HTB 
system. The inverters are programmed to have the same steady-
state and dynamic response as the emulated grid elements. The 
grid elements could be considered as either current-controlled 
voltage sources or voltage-controlled current sources. For 
example, the impedance-type load is normally emulated by a 
voltage-controlled current source inverter. The inverter 
measures the terminal voltage to derive the corresponding 
terminal current as if the terminal voltage is fed to an impedance-
type load. The selection of voltage-control or current-control 
depends on the property of the emulated elements and the 
scenarios. In general, either the inverter terminal voltage or 
current is measured as the input of the emulated grid element 
model. Then, the resulting current or voltage reference is 
calculated from the grid element model and given to the inverter 
controller to track. This ensures that the inverter behaviors 
follow the emulated grid element model. The general emulation 
principle is shown in Fig. 2. 

The available active-type grid elements in the HTB system 
include synchronous generators [10], [11], wind turbine 
generators [12], PV generators [13], battery energy storage 
system (BESS) [14] and flywheel energy storage systems [15]. 
The available passive-type grid elements include induction 
motor [16], constant impedance/current/power loads (i.e. ZIP 
load) [17], nonlinear load [18], as well as power electronics 
interfaced loads (motor drives, EV chargers, data center). The 
available transmission or distribution level elements are ac lines 
[19] (including series-compensated lines), shunt compensators 
(static synchronous compensators or STATCOM) and HVDC 

converters. Certain types of bus and line faults can also be 
emulated.  

III. MODELING OF MULTI-INVERTER SYSTEM  

The multi-inverter system under analysis of this paper is 
shown in Fig. 3. Each full-bridge inverter has identical filtering 
inductor Lf. All inverters are connected to the decoupling 
capacitor Cf. Each inverter can be modeled as a voltage source 
that contains a broad spectrum of harmonics. To simplify the 
analysis, the circuit is modeled in single-phase form. The 
modeling of the multi-inverter system is shown in Fig. 4. Since 
the decoupling capacitor Cf is in delta connection, the equivalent 

single-phase decoupling capacitor 𝐶𝑑 = √3𝐶𝑓. 

Using superposition, the PCC voltage can be formulated as 
the sum of each individual voltage source’s impact on the PCC. 
Fig. 5 shows the equivalent circuit of the superposition method. 
The PCC voltage can be formulated as, 

 𝑉𝑃𝐶𝐶
(𝑛) =

1
𝑛−1
𝑠𝐿𝑓

+𝑠𝐶𝑑

1
𝑛−1
𝑠𝐿𝑓

+𝑠𝐶𝑑

+𝑠𝐿𝑓
⋅ 𝑉𝑛  (1) 

 𝑉𝑃𝐶𝐶
(𝑛) =

1

1+𝑠𝐿𝑓(
𝑛−1

𝑠𝐿𝑓
+𝑠𝐶𝑑)

⋅ 𝑉𝑛  (2) 
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Fig. 2. Emulator operating principle. 
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Fig. 3. Multi-inverter system in HTB. 
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Fig. 4. Modeling of the multi-inverter system. 

 



 𝑉𝑃𝐶𝐶
(𝑛) =

1

𝑛+𝑠2𝐿𝑓𝐶𝑑
⋅ 𝑉𝑛  (3) 

where 𝑉𝑃𝐶𝐶
(𝑛)

 is the resulting PCC voltage from inverter n, n is the 

number of the inverter, Vn is the voltage output of each inverter 
n, Lf is the filtering inductance, and Cd is the decoupling 
capacitor. Therefore, 

 𝑉𝑃𝐶𝐶 =
1

𝑛+𝑠2𝐿𝑓𝐶𝑑
⋅ (𝑉1 + 𝑉2 +⋯+ 𝑉𝑛)  (4) 

Assume that all inverter PWM outputs have similar spectra. 
Eq. (4) can be simplified as 

 𝑉𝑃𝐶𝐶 =
𝑛

𝑛+𝑠2𝐿𝑓𝐶𝑑
⋅ 𝑉𝑖𝑛𝑣   (5) 

where Vinv is the PWM voltage output from one inverter. 

IV. DECOUPLING CAPACITOR DESIGN  

Eqs. (1)-(5) formulated the PCC voltage with decoupling 
capacitors. If no decoupling capacitors are placed on the PCC, 
the equivalent circuit becomes Fig. 6. The PCC voltage can be 
formulated as, 

 𝑉𝑃𝐶𝐶
(𝑛) =

1

𝑛
⋅ 𝑉𝑛  (6) 

Therefore, 

 𝑉𝑃𝐶𝐶 =
1

𝑛
⋅ (𝑉1 + 𝑉2 +⋯+ 𝑉𝑛)  (7) 

Assume that all inverter PWM outputs have a similar 
spectrum. Eq. (7) can be simplified as  

 𝑉𝑃𝐶𝐶 = 𝑉𝑖𝑛𝑣  (8) 

where Vinv is the PWM voltage output from one inverter. From 
(8), the spectra of PCC voltage are the same as inverter PWM 
voltage output. Therefore, the PCC voltage has a wide spectrum 
of harmonics especially at the switching frequency. 

With the decoupling capacitor on the PCC, the transfer 
function becomes (5). The magnitude of the harmonic 
component on PCC voltage is  

 𝑉𝑃𝐶𝐶 =
𝑛

𝑛−𝜔2𝐿𝑓𝐶𝑑
⋅ 𝑉𝑖𝑛𝑣  (9) 

In general, (9) is a monotonically increasing function of ω 
until the worst case, 

 𝑛 − 𝜔0
2𝐿𝑓𝐶𝑑 = 0  (10) 

 𝜔0 = √
𝑛

𝐿𝑓𝐶𝑑
  (11) 

where ω0 is the resonance frequency. Normally, the magnitude 
of the switching-frequency harmonic component on the PCC 
voltage is expected to be limited to less than 5% compared to the 
fundamental component. 

From (9), the magnitude of the fundamental component on 
the PCC voltage is  

 𝑉𝑃𝐶𝐶
𝑓

=
𝑛

𝑛−𝜔𝑓
2𝐿𝑓𝐶𝑑

⋅ 𝑉𝑖𝑛𝑣
𝑓

  (12) 

where ωf is the fundamental frequency. The magnitude of the 
switching-frequency harmonic on PCC voltage is 

 𝑉𝑃𝐶𝐶
𝑠 = |

𝑛

𝑛−𝑠2𝐿𝑓𝐶𝑑
| ⋅ 𝑉𝑖𝑛𝑣

𝑠 =
𝑛

−𝑛+𝜔𝑠
2𝐿𝑓𝐶𝑑

⋅ 𝑉𝑖𝑛𝑣
𝑠   (13)  

where ωs is the switching frequency. The sign of 𝑛/(𝑛 +
𝑠2𝐿𝑓𝐶𝑑)  becomes negative when the frequency gets higher. 

Typically, the sign becomes negative at switching frequency ωs. 
The switching-frequency component magnitude as a percentage 
of the fundamental component is, 

 
𝑉𝑃𝐶𝐶
𝑠

𝑉𝑃𝐶𝐶
𝑓 =

𝑛

−𝑛+𝜔𝑠
2𝐿𝑓𝐶𝑑
𝑛

𝑛−𝜔𝑓
2𝐿𝑓𝐶𝑑

⋅
𝑉𝑖𝑛𝑣
𝑠

𝑉
𝑖𝑛𝑣
𝑓   (14) 

Define 𝐺𝑃𝐶𝐶 = 𝑉𝑃𝐶𝐶
𝑠 /𝑉𝑃𝐶𝐶

𝑓
 to represent the ratio of the 

switching harmonics magnitude and the fundamental component 

magnitude at the PCC. Define 𝐺𝑖𝑛𝑣 = 𝑉𝑖𝑛𝑣
𝑠 /𝑉𝑖𝑛𝑣

𝑓
 to be the ratio 

of switching harmonics magnitude and the fundamental 
component magnitude at the midpoint of inverters 

 𝐺𝑃𝐶𝐶 =

𝑛

−𝑛+𝜔𝑠
2𝐿𝑓𝐶𝑑
𝑛

𝑛−𝜔𝑓
2𝐿𝑓𝐶𝑑

⋅ 𝐺𝑖𝑛𝑣   (15) 

 𝐺𝑃𝐶𝐶 =
𝑛−𝜔𝑓

2𝐿𝑓𝐶𝑑

−𝑛+𝜔𝑠
2𝐿𝑓𝐶𝑑

⋅ 𝐺𝑖𝑛𝑣  (16) 

 𝐺𝑃𝐶𝐶
𝑚𝑎𝑥 > 𝐺𝑃𝐶𝐶 =

𝑛−𝜔𝑓
2𝐿𝑓𝐶𝑑

−𝑛+𝜔𝑠
2𝐿𝑓𝐶𝑑

⋅ 𝐺𝑖𝑛𝑣  (17) 

where 𝐺𝑃𝐶𝐶
𝑚𝑎𝑥  is the maximum boundary for PCC harmonics. 
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Fig. 5. Equivalent circuit of the superposition method. 
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Fig. 6. Equivalent circuit of multi-inverter system without decoupling 
capacitors. 

 



 𝐺𝑃𝐶𝐶
𝑚𝑎𝑥(−𝑛 + 𝜔𝑠

2𝐿𝑓𝐶𝑑) > 𝐺𝑖𝑛𝑣(𝑛 − 𝜔𝑓
2𝐿𝑓𝐶𝑑)  (18) 

 𝜔𝑠
2𝐿𝑓𝐶𝑑𝐺𝑃𝐶𝐶

𝑚𝑎𝑥 + 𝜔𝑓
2𝐿𝑓𝐶𝑑𝐺𝑖𝑛𝑣 > 𝐺𝑃𝐶𝐶

𝑚𝑎𝑥𝑛 + 𝐺𝑖𝑛𝑣𝑛  (19) 

 (𝜔𝑠
2𝐺𝑃𝐶𝐶

𝑚𝑎𝑥 +𝜔𝑓
2𝐺𝑖𝑛𝑣)𝐿𝑓𝐶𝑑 > (𝐺𝑃𝐶𝐶

𝑚𝑎𝑥 + 𝐺𝑖𝑛𝑣)𝑛  (20) 

 𝐿𝑓𝐶𝑑 >
(𝐺𝑃𝐶𝐶

𝑚𝑎𝑥+𝐺𝑖𝑛𝑣)𝑛

(𝜔𝑠
2𝐺𝑃𝐶𝐶

𝑚𝑎𝑥+𝜔𝑓
2𝐺𝑖𝑛𝑣)

  (21) 

 𝐶𝑑 >
(𝐺𝑃𝐶𝐶

𝑚𝑎𝑥+𝐺𝑖𝑛𝑣)𝑛

(𝜔𝑠
2𝐺𝑃𝐶𝐶

𝑚𝑎𝑥+𝜔𝑓
2𝐺𝑖𝑛𝑣)𝐿𝑓

  (22) 

Theoretically, the resonant frequency ω0 should be higher 
than the switching frequency to maintain system stability.  

 𝜔0 = √
𝑛

𝐿𝑓𝐶𝑑
> 𝜔𝑠  (23) 

In actual inverter prototyping, the power loss of the inverters 
can be modeled as a damping resistance and in turn suppress the 
resonant at ω0. Hence, the boundary from (23) is neglected in 
this paper.  

From (22), the range of decoupling capacitor is  

 𝐶𝑑 >
(𝐺𝑃𝐶𝐶

𝑚𝑎𝑥+𝐺𝑖𝑛𝑣)𝑛

(𝜔𝑠
2𝐺𝑃𝐶𝐶

𝑚𝑎𝑥+𝜔𝑓
2𝐺𝑖𝑛𝑣)𝐿𝑓

  (24) 

Besides the range of decoupling capacitor (24), the 

decoupling capacitor should not change the emulator behaviors. 

Each emulator should follow the emulated model and the 

control. A big decoupling capacitor will significantly change 

the output behaviors of the grid emulators. Typically, the 

decoupling capacitor that follows (24) should be small enough 

and will not change the low frequency components of the output 

current/voltage of emulators.  

V. EXPERIMENT VERIFICATION  

To verify the decoupling capacitor design derived in Section 
V, a decoupling capacitor with two values are tested. The 
parameters of CURENT’s HTB system are used to find the 
decoupling capacitor design. The key parameters of the studied 
HTB system is summarized in Table I. The schematic of the 
experimental circuit is shown in Fig. 3.  

TABLE I .   KEY PARAMETERS OF HTB SYSTEM 

Number of inverters, n 3 

Filtering inductor, Lf 0.5 mH 

Switching frequency, ωs 20 kHz 

Fundamental frequency, ω0 60 Hz 

Maximum switching ripple at 

PCC, 𝐺𝑃𝐶𝐶
max 

 

50% 

Switching frequency 

component in PWM, 𝐺𝑖𝑛𝑣 
 

100% 

Decoupling capacitor, Cf 0.1 μF, 1 μF 

 

The PCC voltage waveform without decoupling capacitors is 
shown in Fig. 7. From Fig. 7, the PCC voltage contains rich 
switching frequency harmonics. Please note that the magnitude 
of fundamental components (60 Hz) and the magnitude of 
switching harmonics (20 kHz) are both around 60 V. The ratio 

of the switching harmonics and fundamental components is 
around 100%.  

For the system with the configuration summarized in Table 
I, the range of the decoupling capacitor Cf is should be greater 
than 1 μF according to (24). To verify the effectiveness of this 
range, two decoupling capacitors are selected with values of 0.1 
μF and 1 μF, where the 0.1-μF decoupling capacitor is out of the 
desired range and the 1-μF decoupling capacitor is within the 
range.  

Fig. 8 shows the bode plot of (5) to represent the HTB system 
with the decoupling capacitor. Both selections of decoupling 
capacitor with the number of inverters from 2 to 5 are plotted. 
Fig. 9 shows the zoom-in magnitude of (5) at different 
frequencies. From Fig. 9, the damping effect of the 1-μF 

PCC Voltagevs (100 V/div)

t (10 ms/div)

 
Fig. 7. PCC voltage without decoupling capacitor. 

-100

-50

0

50

100

150

10 102 104 106-180

-135

-90

-45

0

Bode Diagram

Frequency (rad/s)

P
h
a
se

 (
d
e
g

)
M

a
g

n
it

u
d
e
 (

d
B

) Cf = 1 μF

Cf = 0.1 μF

10 kHz

 
Fig. 8. Bode plot of the HTB system with decoupling capacitor. 
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Fig. 9. Magnitude of PCC voltage with respect to frequency. 



decoupling capacitor is better than the 0.1-μF decoupling 
capacitor, especially at the switching frequency of the system 
(from 20 kHz).  

The experiment results of the 0.1-μF decoupling capacitor 
are shown in Figs. 10 and 11. Fig. 10 shows the PCC voltage, 
and Fig. 11 shows the PCC voltage fast Fourier transform (FFT) 
analysis. The high frequency component (20 kHz) is rich in the 
PCC voltage with the 0.1-μF decoupling capacitor. 

The experiment results of the 1-μF decoupling capacitor are 
shown in Figs. 12 and 13. Fig. 12 shows the PCC voltage, and 
Fig. 13 shows the PCC voltage fast Fourier transform (FFT) 
analysis. The high frequency component is much reduced on the 
PCC voltage with the 1-μF decoupling capacitor. 

VI. CONCLUSION 

The grid emulator normally contains multiple inverters to 
mimic the behaviors of several grid elements. Each inverter 
contains a filtering inductor at the ac terminal to filter out the 
switching ripple current. However, the voltage on the PCC 
contains rich switching harmonics. This paper analytically 
determines the decoupling capacitor design for a given multi-
inverter system. Both analytical calculation and the experiments 
show that the 0.1-μF decoupling capacitor cannot significantly 
remove the switching harmonics at PCC, whereas the 1-μF 
decoupling capacitor can effectively remove the switching 
harmonics at PCC. 
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Fig. 10. PCC voltage with 0.1-μF decoupling capacitor. 

 

 
Fig. 11. PCC voltage spectrum with 0.1-μF decoupling capacitor. 
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Fig. 12. PCC voltage with the 1-μF decoupling capacitor. 

 

 
Fig. 13. PCC voltage spectrum with the 1-μF decoupling capacitor. 
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