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Abstract-- Voltage unbalance in the power grid can cause
twice-frequency ripple in the DC capacitor voltage of grid-
connected inverters, which affects their lifespan and control
performance. In weak grid conditions, the dynamic interaction
between the inverter and the grid is intensified, leading to
deviations in traditional calculations for DC voltage ripple,
potentially resulting in improper DC capacitor design. To
address this, a small-signal model is developed by analyzing the
propagation path of unbalanced disturbances between the
inverter and the weak grid. This model accurately quantifies both
the transient and steady-state ripple magnitudes of the capacitor
voltage following unbalanced disturbances. Additionally,
constraint surfaces for capacitor values under transient/steady-
state ripple limits are calculated. Finally, Controller-hardware-
in-the-loop experiments validate the accuracy of the proposed
model. The findings provide clear boundary conditions for DC
capacitor design, enhancing the safety and reliability of inverter
grid-connected operations.

Index Terms—Unbalanced Disturbances; Weak AC grid;
Grid-Connected Inverters; DC-link Capacitor

I. INTRODUCTION

With the widespread integration of single-phase loads
such as electric vehicles and new energy storage
systems, the voltage unbalance in distribution networks is
gradually increasing. When the distribution network operates
under unbalanced conditions, twice-frequency ripple in the
active power on the AC side leads to corresponding twice-
frequency ripple in the inverter’s DC-link capacitor voltage,
which severely impacts the control performance of the grid-
connected system [1]. Typically, voltage ripple at twice-
frequency can be suppressed by using a larger DC-link
capacitor. However, over-sizing the DC-link capacitor
increases the inverter’s volume and cost, while under-sizing it
can worsen the voltage ripple, increase the operational
temperature, and subject the capacitor to higher dielectric
voltage stress, severely affecting its lifespan [2]. Therefore,
accurately quantifying the transient and steady state twice-
frequency ripple sizes following unbalanced disturbances and
defining the boundary constraints for DC-link capacitor sizing
are essential for the economical and reliable operation of grid-
connected inverters.

Currently, most studies calculate the steady-state value of
twice-frequency voltage ripple under unbalanced operation
using power balance equations, while research on the
quantification of transient ripple caused by unbalanced
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disturbances is relatively scarce. References [3], [4], [5] use
the symmetrical component method to derive expressions for
the sequence components of DC voltage ripple in inverters
with unbalanced loads. References [6] established a transfer
function considering the grid-connected line and grid
impedance, while ignoring the dynamics of the inverter
control loop, to calculate the DC voltage gain caused by
unbalanced disturbances. Reference [7] analyzes the DC-link
voltage oscillations in grid-connected inverters caused by
harmonic current injection for active filtering. Reference [8]
analyzes the low-frequency DC-link current and voltage ripple
in multiphase voltage source inverters under unbalanced load
conditions using symmetrical sequence components and
energy balance principles. However, these methods focuses
primarily on steady-state ripple quantification and does not
account for the transient dynamics or the closed-loop
interactions between the inverter control system and grid
impedance during disturbances. Reference [9] develops a
dynamic phasor model to analyze the transient response of
inverter-based microgrids under unbalanced conditions.
However, it does not specifically address the DC voltage
ripple constraints for capacitor design under weak grid
conditions. As the strength of the AC grid weakens, the
interaction between the weak grid and the inverter control loop
intensifies. The voltage ripple continuously affects the
inverter's terminal voltage through the modulation loop, and
the dynamics of the phase-locked loop under unbalanced input,
among other factors, cause the system to remain in a weak
dynamic state near the stable point, rather than transitioning
from transient to steady-state. This results in deviations in
traditional steady-state voltage twice-frequency ripple
calculations, which may lead to improper capacitor sizing.
Furthermore, as the equivalent impedance of the AC grid
increases, the transient voltage ripple caused by unbalanced
disturbances becomes increasingly significant. Relying solely
on steady-state ripple constraints to design the capacitor size
may fail to meet the voltage ripple requirements during
transient processes.

To address this, this paper first analyzes the limitations of
traditional voltage twice-frequency ripple calculation methods
under weak grid conditions. Then, by analyzing the
propagation path of unbalanced disturbances between the
inverter and the grid, a small-signal model for calculating DC
voltage ripple is established, which accurately quantifies the
transient and steady-state ripple magnitudes of the capacitor
voltage following unbalanced disturbances. Furthermore,



constraint surfaces for capacitor values under transient/steady-
state ripple limits are calculated. Finally, the accuracy of the
proposed model is validated through CHIL experiments, and
the mechanism of voltage twice-frequency ripple generation in
grid-forming inverters is briefly explored. The research
conclusions provide valuable insights for DC-link capacitor
sizing and can effectively improve the economic performance
and power quality of grid-connected inverters.

II. ANALYSIS AND MODELING OF VOLTAGE TWICE-
FREQUENCY RIPPLE UNDER UNBALANCED DISTURBANCES

This section first examines the limitations of traditional
voltage twice-frequency ripple calculation methods under
weak grid conditions, then analyzes the propagation path of
unbalanced disturbances in the system, and develops a small-
signal model for calculating DC voltage ripple.

A. Limitations of Traditional Methods for
Voltage Twice-Frequency Ripple:

Quantifying

In the grid-connected inverter system, the twice-frequency
ripple in the DC capacitor voltage v,,(f) is generated by the

twice-frequency component of the system's active power paq(f).

When the AC system voltage is in a three-phase unbalanced
state, the active power P injected by the inverter into the grid
can be expressed as (1).
P(t)=F, + P, cosQwt) + P, sin(2ct)
Pau (1)
where Py is the DC component of active power, and Pc, Py
are the amplitude coefficients of the twice-frequency power
components. In steady-state operation of the grid-connected
inverter, the DC capacitor Cyc typically does not carry the
steady-state average power, meaning the DC active
component Py is usually provided by the upstream machine-
side inverter[X]. In this case, Cq4c is responsible for carrying
the twice-frequency component of the active power pio(?),
leading to twice-frequency fluctuations in the DC capacitor
voltage v2(f). The relationship between pro(f) and v2(f) can
be derived using the energy conservation principle for the
capacitor over one twice-frequency period. Denoting the
amplitude of the voltage twice-frequency component as
Vasand the amplitude of the active power twice-frequency
component as Py, the energy stored in the capacitor over one
twice-frequency period E. is given by:

1 1
Ec = Ecdc (Vdc + V2(x))2 _Ecdc (Vdc - VZu))z

(M

2

Simultaneously, the energy absorbed by the capacitor can
also be expressed as the integral of the input active power over
time:

t+7 20 t+7 20

E= [ py(t)dt= [ B,-sin2et)dt  (3)

By combining (2) and (3), the amplitude of the capacitor's

twice-frequency voltage V>, can be calculated, as shown in (4):

P

= 20 4)
2a)Vch'dc

However, the traditional calculation method for voltage

twice-frequency ripple based on energy balance within a

period has certain limitations. On one hand, p».(f) causes DC

20
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voltage ripple v,,(f) that directly affects the inverter terminal
voltage viny through the modulation loop. At the same time,
P2(f) also influences the inverter reference terminal voltage
Viny,ref through the control loop, which then indirectly affects
vinv. The above process can be described by (5):

(VdCO + AVdc)
—

2

Note that m, is the SPWM modulation ratio. The change in
viny affects the inverter output current iy, which ultimately
amplifies pry(?), further worsening the DC voltage ripple. The
open loop calculation method based on (4) will significantly
underestimate the DC voltage ripple level.

On the other hand, with the large-scale integration of
renewable energy sources, the grid strength has been gradually
decreasing, leading to more frequent weak grid conditions. In
weak grids (characterized by SCR<3 according to IEEE Std
1204-1997), the equivalent AC-side impedance is significantly
higher than that in strong grids. Consequently, the twice-
frequency power ripple py,(f) injected into PCC significantly
amplifies the phase fluctuations of the PCC voltage vector Fpee
, severely affecting the accuracy of the PLL. During
unbalanced conditions, the system simultaneously contains the
forward rotating positive sequence voltage vector Fpeer and the
reverse rotating negative sequence voltage vector Fpec2. The
superposition of these causes the phase ycc of Fpee to fluctuate
at twice-frequency, leading to the PLL operating in a weak
dynamic state near the stable point 8,10 , as shown in (6). The
output phase 6,1 of the PLL ultimately influences vinyref
through dg transformation and the control loop, further
exacerbating the twice-frequency ripple in the DC voltage.

lelo + AH = Gpll (S)(epcco + Aepcc,Zw) (6)

pll.2e

In summary, the open-loop calculation method for voltage
twice-frequency ripple has certain errors in weak grid
conditions. In weak grids, the reduced PLL bandwidth
required for stability maintenance prevents accurate phase
tracking, causing the system to remain in a continuous weak
dynamic state rather than reaching steady state. The persistent
twice-frequency ripple in the PLL output phase continuously
affects the DC voltage through closed-loop interactions among
the modulation loop, control loop, and dg transformation,
leading to significant underestimation of the actual DC voltage
ripple by traditional steady-state calculations. Therefore, it is
necessary to fully consider the propagation path of unbalanced
disturbances between the inverter and the grid, as well as
between the DC and AC systems. A closed-loop small-signal
model for the system's imbalance power interaction must be
established to accurately quantify the transient and steady-
state DC voltage twice-frequency ripple.

vinvO + AVinv = ma x (Vinv,reﬁ) + Avinv,ref ) x

B. Analysis of the Propagation Path
Disturbances:

of Unbalanced

In the following, a single inverter grid connected system is
analyzed to illustrate the closed loop propagation path of
voltage unbalance disturbances between the inverter and the
grid. The system topology is shown in Fig. 1, where the
inverter is controlled by voltage oriented control (VOC) and is
connected to the grid through the filter inductor L. The PCC
voltage is denoted by vy, and the PCC current by ipec. The
grid is represented by the Thevenin equivalent impedance Ry,



ettt o ! ’ PCC
: — I Lor v
i . L e, (501
! Tdeo W dé:*r . % The grids
i | ® J Il elc 1 » i f >
I A\ E
i i 4 g g O, .
! : [N W Vpee | Unbalanced P+jQ
the upstream | [t — dwwrbanee  FC
p PWM || < © Vpce !
stage of the system Ve On O o |
Viny,ref } Vpee I I ) Ipee !
@ Unbalanced | N ”l‘“ . |
disturbance source A _ _PLL and Park tranfromation O h 2] ;
Plliyeliuelillipipeipeliyeipgiyipipi T i
) Disturbance r |
Propagation path J
@ Disturbance branch of dq K
voltage phase

feedback power

@ Disturbance branch of abe

PWM modulation

|
|
|
|
|
|
@ Disturbance branch # :
|
|
|
|
|
|
|

Fig. 1. Topology of a single-inverter grid-connected system.

Ly and the equivalent voltage source v,. The upper stage
system is equivalently modeled as a constant DC current
source iqc0, which implies that the DC link capacitor Cg4. does
not carry the DC component of active power.

As shown in Fig. 1, the unbalanced disturbances in the AC
system primarily flow into the inverter control loop through
three branches, completing the disturbance feedback loop
through the inverter terminal output voltage and the grid-
connected lines. First, the positive and negative sequence
voltages caused by grid voltage unbalance result in twice-
frequency fluctuations in both the amplitude and phase of the
PCC voltage vector. The PCC voltage phase is estimated
andoutput by the PLL, serving as the reference phase 8, for
the inverter control loop's dg transformation, affecting the
magnitude of the feedforward voltages vy, vq and feedback
currents ig, iq. This propagation path is shown as branch @ in
Fig. 1. Next, the unbalanced disturbance induces twice-
frequency fluctuations in the system's active and reactive
power, affecting the feedback power P, Q in the power outer
loop, which in turn influences the current inner loop reference
values igref, iqrer. This is shown in branch @) of Fig. 1. These
disturbance paths O and @ jointly modify the inverter
terminal voltage reference values Varef, Vqrer in the current inner
loop. Finally, the twice-frequency ripple caused by active
power fluctuations alters the DC capacitor voltage ripple,
changing the magnitude of the DC modulation voltage Vg, as
shown in branch 3 of Fig. 1. The three disturbance paths
ultimately affect the inverter terminal voltage vin, through the
PWM modulation loop, which, through the transmission line,
influences the PCC voltage and current, completing the
closed-loop of the unbalanced disturbance. During
asymmetrical faults, these three dynamic loops continuously
interact, causing the system to remain in a weak dynamic state,
leading to errors in the traditional open-loop voltage ripple
calculation method.

C. Modeling of Voltage Phase Disturbance Branch:

The voltage phase of the unbalanced PCC voltage vector
Opec, after being estimated by the PLL, serves as the reference
phase O, for the coordinate transformation of both the
feedforward voltage vy and the feedback current jye.. At the
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same time, the unbalanced disturbance directly influences the
magnitude of vyec and ipe.. These two paths ultimately lead to
changes in the dg-axis feedforward voltages Vpced, Vpeeq and the
feedback currents ig, iq. The expression for the dg-axis
feedforward voltage is as follows:

Viced = Vchc cos( Hpcc - Hpu) @
Vieeq = Vpee Sin(gpcc - epll)

It should be noted that, during the transient process
following the unbalanced disturbance, the PLL cannot
instantaneously respond to phase jumps, meaning Gy is not
equal to Gy during the transient phase. This process can be
described by the PLL phase transfer function:

AB, (s K s+K
Gpll (S) — pll( ) == pllp plli (8)
AG () 8"+ V(K s + K yp)

pece

Where Ky, and Kpyi are the proportional and integral

coefficients of the PI controller in the PLL control structure,

respectively. By linearizing the feedforward voltage

expression in (7) and substituting the PLL phase transfer
function from (8), we obtain:

|:Avpccd :| _ er |:Aepcc :|
Avpccq A Vpcc

Equation (9) represents the small-signal model of the
feedforward voltage disturbance branch. The effect of the
unbalanced disturbance on the feedback current is consistent
with that on the feedforward voltage, and thus will not be
further discussed here.

D. Modeling of Feedback Power Disturbance Branch:

The positive sequence and negative-sequence voltage and
current components caused by the unbalanced disturbance
generate twice-frequency ripples in the system's active and
reactive power, which affect the feedback powers P and Qin
the power outer loop, further influencing the current inner
loop reference values igrer and igeer, as shown in(10)

Aidlrcf H |:ARef - AP:|
Aiqref pe AQref _AQ

)

(10)



Note that Hpo is the transfer function matrix of the power
outer loop. Considering that when the inverter power reference
values are constant, AP.r=AQ:r=0, by combining (10) with
the calculation expressions of P and Q in the dg-axis, the
small-signal model of the feedback power disturbance branch
is obtained, as shown in (11).

Aidref -H Avpccd +H. Ald
AV P AVyeq P Ai,

The unbalanced disturbance branches O and @ ultimately
construct the inverter terminal voltage reference values vgrer
and vgerin the current inner loop. The linearized expression of
the current inner loop is shown in (12):

Av, Av Ai Ai
invd,ref _ peed n Hci .dref _ Hcid .d (1 2)
Avinvq,ref Avpccq Alqre:f Alq

Note that H.i is the transfer function matrix of the current
inner loop, and Heia is the decoupling transfer function matrix
of the current inner loop.

E. Modeling of PWM Modulation Disturbance Branch:

The twice-frequency ripple in active power causes
fluctuations in the DC capacitor voltage Vy.. By linearizing the
capacitor energy balance equation, we obtain:

AP = Cch/cha)OAV:ic (13)

Next, the inverter modulation loop converts the DC
capacitor voltage Vg and the reference voltage Vinyrer into the
terminal voltage viny, as shown in (14):

m
Av,, =—x (v,
2

inv inv,ref0

an

AI/dc + VchAv'nv,ref)

1

(14

The inverter terminal voltage vin, through the grid-
connected line, further causes changes in the line current,
voltage, and transmitted power. This process can be described
by the AC system's circuit equation (15):

Av, Ai Av Ai
|: mvd:| _ Zf |: .d:| + |: pccd:| — Zgrid |: .d:| (15)
AVig Al AVyeeq Al

In (19), Zr and Zgria are the grid-connected line impedance
matrix and the AC side equivalent impedance matrix,
respectively. By combining the linearized expressions from
the current inner loop (12), modulation equation (14), power
disturbance branch (11), capacitor energy balance (13), and
grid-connected line (15), the closed-loop small-signal equation
for the DC capacitor voltage is derived as (16).

_ H;HH,, AQPCC
@ Cy Vo (Hlichpr +HH,, +1,.,)| AV
Matrices Heu, Hii, Htp, and Hmo can be derived from the

previously mentioned matrices, with the derivation process

omitted. The closed-loop transfer function block diagram of
the unbalanced disturbance is shown in Fig. 2.

(16)
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Fig. 2. Block diagram of closed-loop transfer function for unbalanced
disturbance.

III. MODEL APPLICATION - CAPACITOR VALUE CONSTRAINT
CALCULATION

Currently, there are no explicit regulations specifying the
magnitude of the DC capacitor voltage ripple level d. In
general industrial applications, the steady state ripple ratio
limit is typically between 2% and 5%, while the transient
ripple ratio limit is between 8% and 10% [8]. In this section, a
conservative choice is made with the steady-state ripple
constraint 8,<2% and the transient ripple constraint ;<8%.
By rearranging both sides of equation (16), the capacitor size
constraint equation for different levels of imbalance can be
obtained, as shown in (17).

C — erHlich Agpcc (17)
* a)OVdcozé‘(Hlichpr +HH,, +1.,) | Al

By substituting the steady-state ripple constraint and the
transient ripple constraint into (17), the minimum value of the
DC capacitor Cdc,min is taken as the larger of the transient
capacitor minimum value Ctr,min and the steady-state
capacitor minimum value Css,min. By varying Kop and Kip,
the power outer loop control parameters, along with the
inverter reference powers Prr and Ok, the grid imbalance
epvur, and the grid-side inductance Lg , the capacitor value
transient/steady-state ripple constraint surface and feasible
region can be obtained, as shown in Fig. 3. In Fig. 3, the upper
space above the union of the transient constraint minimum
capacitor surface Ctr,min and the steady-state constraint
minimum capacitor surface Css,min represents the feasible
region for the capacitor value Creasible.
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Fig. 3. (a) Feasible region for capacitor value under different power outer loop
control parameters. (b) Feasible region for capacitor value under different
power reference values. (c) Feasible region for capacitor value under different
levels of unbalance and grid strength

Fig. 3(a) shows the feasible region for capacitor value under
varying power outer loop control parameters Ko, and Kip.
Analysis reveals that as the power outer loop proportional
coefficient Kop decreases, both the transient and steady-state
minimum capacitor values significantly increase. However, as
the current inner loop proportional coefficient K, decreases,
the transient and steady-state minimum capacitor values only
slightly increase. This is because a decrease in the power outer
loop proportional coefficient Ko, significantly increases the
voltage twice-frequency ripple, requiring a larger DC
capacitor to meet the ripple constraint conditions. The
bandwidth of the current inner loop has a less significant
impact on the capacitor's twice-frequency ripple, and changes
in K, have little effect on the feasible region for the capacitor
value. Furthermore, there exists an intersection line between
the transient constraint minimum capacitor surface Cimin and
the steady-state constraint minimum capacitor surface Cssmin
indicating that, under conditions with a large Koy, the transient
ripple constraint 0,<8% is the more stringent constraint. As
Kop decreases further, the steady-state ripple constraint 65,<2%
becomes the effective constraint boundary. The analysis for

Fig. 3(b) and 3(c) is similar to that of Fig. 3(a) and will not be
discussed further.

IV. EXPERIMENTAL VALIDATION AND RESULTS

The system with the topology shown in Fig. 1 was run on
the CHIL experimental platform. The DC voltage waveform
of the inverter was measured after unbalanced disturbances
and compared with the results from the proposed model and
traditional open-loop calculations to verify the accuracy of the
model. In the experimental setup, the grid-side inductance is
Ly =20 mH and the rated power is Prr = 8 kW, resulting in a
SCR of approximately 2.97, which characterizes a weak grid
condition. At r=20s, the AC grid-side voltage v, drops to 20%
of its rated value, the inverter DC voltage waveform from the
experiment and the calculated waveform are shown in Fig. 4.

Comparing Fig. 4(a), (b), and (c), it can be seen that the
inverter DC capacitor voltage transient ripple is AV =34V
and the steady-state voltage ripple is AVs=28V. The proposed
model calculates the transient voltage ripple as AVi»=34.5V
and the steady-state voltage ripple as AV »=27.9V. The
traditional open-loop calculation method yields a transient
voltage ripple of AV3=27.1V and a steady-state voltage ripple
of AV«3=21.4V. The proposed model reduces the transient
voltage ripple calculation error by 18.8% and the steady-state
active ripple calculation error by 20.3%.
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Fig. 4. Inverter DC voltage waveforms: (a) CHIL experimental results, (b) results from the proposed model, (c) traditional open-loop calculation results

V. CONCLUSION AND FUTURE WORK

This study mainly discusses the mechanism and quantitative
analysis of DC capacitor voltage ripple generation in grid-
following inverters under unbalanced disturbances. As the
penetration of low-inertia power electronic equipment in
power systems increases, grid-forming inverters are receiving
increasing attention for their reliable voltage and frequency
support capabilities. Unlike grid-following inverters, grid-
forming inverters have a disturbance channel from active
power to frequency, where unbalanced disturbances can
directly affect the system's voltage and frequency. This results
in a more complex mechanism for DC capacitor voltage ripple
generation in grid-forming inverters, which will be further
investigated in future research.
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