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Abstract: Grid-connected and grid-forming inverters play essential roles in the utilization of
renewable energy. One problem of such a converter system is the voltage deviations in the DC-link
between the source and the inverter that can disrupt the inverter output voltage. A common method
to prevent these voltage deviations is to apply an input-voltage feedforward control. However, the
feedforward control has detrimental effects on the inverter dynamics. It is shown that the effect of the
feedforward in the input-to-output dynamics is not ideal due to the delay in the digital control system.
The delay affects the input-to-output dynamics at high frequencies, and only a minor improvement
can be achieved by low-pass filtering the feedforward control signal. Furthermore, the feedforward
control can remarkably affect the inverter input admittance, and therefore, impedance-based stability
problems may arise at the DC interface. This paper proposes a method based on linearization
and extra element theorem to model the effect of the feedforward control in the inverter dynamics.
Experimental measurements are shown to demonstrate the effectiveness of the proposed model.

Keywords: VSI; DC dynamics; input-to-output dynamics; input admittance; feedforward; grid
forming; extra element theorem

1. Introduction

Grid-connected and grid-forming inverters play essential roles in the utilization of renewable
energy. Photovoltaic panels, fuel cells, and battery energy storage systems produce direct current.
In order to distribute the energy from such sources through a utility grid, a grid-connected inverter
is required. Grid-forming inverters, on the other hand, are required for utilizing the energy in
inverter-based microgrids. In all these systems, the operation of the inverters is strongly dependent on
the applied DC source. The source and its dynamics may greatly vary thus affecting the inverter input
dynamics, and consequently, the produced power quality in the AC side.

Recent studies have presented several methods to analyze the stability of grid-connected
power-electronics systems. In [1], a grid-connected converter is modeled by a modular state-space
model, and a transformation matrix from the synchronous reference frame to the stationary reference
frame is presented. Many studies have applied impedance-based stability criterion; the converter
output impedance is measured or modeled and then compared to the grid impedance at the point of
common coupling. In [2], the stability of an output-voltage-controlled inverter and an active rectifier is
addressed by applying the generalized Nyquist stability criterion (GNC) on the return-ratio matrix of
the impedances. The GNC has been used on stability analysis of grid-connected inverters and the focus
has been on different topics, such as effect of the DC-link control dynamics [3], the active damping [4],
and a virtual synchronous machine implementation in the converter control system [5].

Recently, more attention has been paid to analyzing the dynamics at the DC-interface. In [6],
the input impedance of a three-phase VSI was studied in different control modes, such as droop
control and DC voltage control. The effect of the DC link and front-end converter on the dynamic
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modes of grid-connected PV energy system was modeled in [7]. The stability of the interconnected
three-phase-balanced-voltage PWM rectifier and LLC resonant converter was investigated in [8]
by modeling the converter terminal DC impedances at the point of common coupling. In [9],
the interactions between a boost converter and a VSI in grid-connected and islanded mode was
studied, and it was found out that a good damping is achieved on the DC side when the DC voltage is
controlled by the VSI. Past studies have also presented DC-impedance models of dq-domain-controlled
three-phase grid-feeding PV inverters [4] and grid-forming inverters [10]. However, there are still
many issues to be addressed regarding the DC dynamics of three-phase microgrid inverters, such as
the harmonic spectrum filtration for current-sensor measurements [11]. One of the issues is related to
the inverter input-voltage feedforward.

In the input-voltage feedforward, the measured and normalized input voltage divides the
converter duty ratio in order to prevent disturbances from the input voltage affecting the output.
However, at the same time, the DC input admittance of the inverter is affected. Due to the changes in
the converter dynamics, modeling of the feedforward is essential.

In the case of DC-DC converters, the topic has been addressed thoroughly. In [12,13], the input-
voltage-feedforward-controlled buck converter was compared systemically with the voltage-mode
control and the peak-current-mode control. The feedforward was shown to significantly reduce the
input-to-output dynamics gain compared to the voltage-mode-control. It was shown that with the
feedforward control the input admittance corresponds to the ideal input admittance that is, in the
case of a buck converter, close to the negative ratio of the steady state input current and input voltage.
In [14], a dynamic ramp was used to implement the input-voltage feedforward control. However, the
analyzed DC-DC converters [12-14] were controlled with analog electronics. Therefore, the delay that
is in digital control systems was not considered.

The utilization of input-voltage feedforward with three-phase converters has been presented in
some papers. In [15,16], the input-voltage feedforward was drawn in the control diagram; however,
it was not further analyzed. It was stated in [17-19] that the input-voltage feedforward decouples
the AC dynamics from the DC dynamics, and therefore, the DC dynamics were not included in
the modeling. In [20], the division by the input voltage was included in a state space model.
However, the delay associated with the control system was not discussed.

This paper presents a dynamic analysis of the input-voltage feedforward in grid-forming inverters.
In the analysis, the feedforward is linearized to a fixed operating point. The input admittance is
modeled by the ideal input admittance model that is a special parameter known from the analysis
of DC/DC converters. Applying the analysis, the effect of the feedforward can be included in the
transfer matrices, thus making it possible to predict the impedance-based stability more accurately
and to model the effect of the DC voltage deviations on the AC side. Furthermore, low-pass filtering
the feedforward signal control is investigated to examine if there is a simple way to improve the
input-to-output dynamics.

The remainder of this paper is structured as follows. Section 2 examines the dynamic model of the
grid-forming inverter with the traditional current and voltage feedbacks. Section 3 derives the model of
the feedforward and analyses the input-to-output dynamics. The input-voltage-feedforward-affected
input admittance is introduced in Section 4. Section 5 examines a low-pass filter implementation in
the feedforward. In Section 6, experimental measurements are used to verify the proposed models.
Section 7 shows how the proposed ideal-input-admittance model can be linked to existing models.
Conclusions are drawn in Section 8.

2. System Dynamic Model

In this section, the dynamic model for the grid-forming inverter is investigated. The open-loop
model and the traditional cascaded current and voltage control loops are considered.

Figure 1 shows a simplified block diagram of a grid-forming inverter. The traditional cascaded
inductor current and output voltage feedback are implemented on the AC side. In the unterminated
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model, the load is an ideal current sink and the power is fed from a DC voltage source. The deviations
in the DC voltage are compensated by dividing the inverter control signal with the normalized DC
voltage. The DC voltage is normalized because in the nominal condition without the feedforward
the current controllers output, ¢, equals the duty ratio d. Bold notation denotes a vector that consists
of direct and quadrature components. If the vector notation is not used, subscripts “d” and “q” are
used to denote the direct and quadrature components, respectively. This normalization would not be

required if the dynamics were modeled with a PWM reference voltage instead of the duty ratio.
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Figure 1. Simplified block diagram of the analyzed converter.

The open-loop transfer-function presentation from the system inputs to the system outputs can
be given as [10]:

~

l;in Yir1 Toi Gci zzin
i | =| G Goo Ga o 1)
‘70 Gio - Zo Gco d

where Yi,, Gir, and Gj, denote the input admittance, the input-to-inductor current transfer
matrix, and the input-to-output transfer matrix, respectively. Ty, GoL, and Z, stand for the
output-to-input transfer matrix, the output-to-inductor current transfer matrix, and the output
impedance matrix, respectively. The control-related transfer matrices G, G¢L and G, denote the
control-to-input current, the control-to-inductor current, and the control-to-output voltage transfer
matrices, respectively. The open-loop transfer-function matrices are used in Figure 2a with the
addition of the current controller G, and the voltage controller Gy, transfer matrices to form the
closed-loop system. The system parameters and operating point values are given in Table 1 where the
synchronous-reference-frame-steady-state values are defined as peak values. The abbreviation ESR
stands for the equivalent series resistance. The input-voltage feedforward is modeled by GEF .

The division by the input-voltage feeforward is highlighted in orange in Figure 2a. Figure 2b
shows the input and the output dynamics of the system with additional elements R and Zg that will
be used to analyze the effect of a low-pass filter in Section 5. In Sections 2 and 3, Zg is made open, and
therefore, 0} equals 9;,. The dynamic presentation for the input-voltage feedforward is derived by
two methods in the next section.
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(a) (b)
Figure 2. (a) Control block diagram of the inverter system. (b) Circuit diagram of the input and the

output dynamics with the feedforward.

Table 1. Parameters and operating point values.

Parameter Symbol Value Parameter Symbol Value
Input voltage Vi 416 V Input current Ln 121 A
Output voltage d component Vod 169.7 V Output voltage q component Voq ov
Output current d component Ioq 19.64 A Output current q component Ioq 0A
Inductor current d component Liq 19.65 A Inductor current q component Iq 224 A
Duty ratio d component Dy 0.4045 A Duty ratio q component Dq 0.05 A
Switching frequency fs 10 kHz Synchronous frequency ws 2760 rad/s
Filter capacitor capacitance Ct 35 uF Filter inductance L 2.5mH
Filter capacitor ESR rce 010 L ESR L 0.025 )
Current controller P gain Kp-c 0.028 O Current controller I gain Ki.c 17.8 VA~1s~1
Voltage controller P gain Kp-v 0.040 071 Voltage controller I gain K 10.0 AV-1s~1

3. Input-Voltage Feedforward and Input-to-Output Dynamics

This section considers the inverter input-to-output dynamics with the feedforward. First, a transfer
matrix from the input voltage to the duty ratios is derived. Then, the detrimental effect of the delay
with the input-voltage feedforward is examined.

3.1. Linearization Approach

The dynamics of the input-voltage feedforward can be solved by linearizing the division of the
current controller output d and q components, cq and cq, by the input voltage with respect to the input
voltage vjn:

0 Cd A _Dd R _Dd R
50 Vin o Oin = Vin i% Oin = Vi Uin )
1) Cq —Dq —Dq
LR VAN % NS ARt P S b, 3
501 in in Uin in ‘/1%1 Oin Vi Oin 3)

where Vi, , Dg, and Dy are the steady-state values of the input voltage and duty-ratio d and q
components, respectively. The hat is used to denote small-signal values. The results can be collected to
a transfer matrix

—Dy
\%
FF mn
Gyin=| D, (4)
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which presents how 9, affects dq and tfq. The input-voltage-feed-forward-affected input-to-output
dynamics are calculated according to Figure 2b:

Gi\gn_FF = Gio + GCOGEIIEH (5)

3.2. Mitigating the Effect of Input-Voltage Deviations

In the ideal case, the feedforward would reduce the gain of the input-voltage-to-output voltage
dynamics Gj, to zero. Therefore, the gain of the feed-forward-affected input-to-output dynamics

Gi\gn_FF should be zero:

GV FF = Gj, + GG, = 0 (6)

The ideal feedforward gain can be given as follows

Gii, = —G4'Gio @)

In a synchronous-switching buck-type converter, the transfer functions from the input voltage
and the duty-ratio to the output have the dynamics of the filter, and the dynamics differ only at the
DC gain (s = 0) if the voltage drop over the components is assumed small. Therefore, the following
analysis can be done by using the DC gains. The cross-coupling gains of the control-to-output transfer
function are approximated to be very small:

_ Gco—d (O) Gco— d (0) ~ Vi 0
G @=1 Gyag(®) Guog (0 ] “l o0 Va ®)
. _ Gio—d (O) ~ Dd
Glo (0) - Gio—q (0) ‘| ~ Dq (9)

The resulting ideal input-voltage feed-forward transfer function is the same as the previous
linearization (4) result of the input voltage division:

_Dd
Vi
Giin (0) = =G& (0)Gio (0) = | (10)
q
Vi

3.3. Effect of the Delay

In the previous analysis, the delay from the digital control system was neglected. Now the delay
is modeled by a third-order Padé approximation [4]:

T2 T3

1—SE+SZ—01 — 84
2 12 " 120 (11)

T T2 T3

7‘1 + SZid + 537d

2 12 120

where Ty = 1.5T; is the delay length in seconds, and T is the switching cycle, 1/ fs. The delay matrix

1+s

that is used with the multivariable control-related transfer matrices is defined as follows

Ggaa O

G =
del 0 Gdel

(12)

The input-feedforward affected input-to-output dynamics with the delay is given by

G" ™ = Gio + GeoGhinGael (13)
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Figure 3a,b show the frequency responses of the input-to-output dynamics without the
feedforward and with the feedforward using the model in (13). The input-voltage feedforward clearly
reduces the gain of the input-to-output dynamics both in the d and q components at low frequencies.
However, due to the phase shift caused by the delay, the effect of the feedforward becomes detrimental
at 1111 Hz because the magnitude is higher with the feedforward than without it. In addition to the
modeled frequency responses, Figure 3 shows a verification from a real-time hardware-in-the-loop
(HIL) simulation that was performed on Typhoon HIL model 402.

The frequency where the feedforward becomes detrimental can be solved by finding the phase
shift 6 in the feedforward signal that causes the absolute values of the input-to-output dynamics with
and without the feedforward to equal:

Gio—d| = |Gio—d + Geo—dGyin_q (cos(6) + jsin(6)) (14)

where, cos(6) + jsin(0) is used to model the phase shift at the angle 6 by its real and imaginary parts
according to the Euler’s formula. The aforementioned similarity in the input-to-output dynamics
and the control-to-output dynamics is used to simplify the analysis. The transfer functions are
approximated by their DC gains:

-D ..
|D4q| = |Dq + %an (cos(0) —|—]sm(9))' (15)
m
Dg% = Dg* — 2Dg? cos(8) 4 Dg? cos?(#) + Dg?sin?(6) (16)
where 6 can be solved as:
6 =+4n60°, neN (17)

The delay causes a negative phase shift, and the smallest negative phase shift required is —60°.
The frequency f_¢po where the phase shift takes place is

_ 0 s o
foo0 = trae0r ek 90 K12 19

where k denotes the ratio between the delay Ty and the switching cycle T;. If T4 equals 1.5 T,
the frequency f_gpo is 1111 Hz. Figure 4 shows the ratio of GX)TEFF and Gj,_q with the delays of 1.5T
and 3T; and the analytically solved frequencies for the corresponding delay lengths. As the figure
shows, (18) gives correctly the frequency where the input-to-output transfer function has a equal
magnitude with the feedforward and without it and the the delay phase shift is —60°. These findings
highlight the fact that, due to the delay, the feedforward provides no perfect decoupling from the
input-voltage deviations, and the delay must be modeled. In Section 5, a first-order low-pass filter is

used to mitigate the delay effect.
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Figure 3. Modeled (dots) and HIL simulation (line) open-loop input-to-output dynamics (a) d
component and (b) q component.
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Figure 4. The ratios of GX}E;FF / Gjo—q and the Padé approximations of the delay with the delay length
of 1.5T and 3Ts.

4. Input Admittance

This section examines the input admittance with the feedforward. First, the ideal input admittance
that is a special parameter known from the modeling of DC-DC converters is derived. Then, the input
admittance is analyzed with the inductor-current feedback and the output-voltage feedback.

4.1. Ideal Input Admittance

The ideal input admittance has been applied in modeling the source effect on the control-to-output
dynamics in DC-DC converters [13,21-23] and the ideal-input-admittance components in three-phase
inverters [24]. From the modeling of DC-DC converters [13], it is known that with the input-voltage
feedforward the input admittance corresponds to the ideal input admittance. The ideal input admittance
is a special parameter that corresponds to a formulation (null-double-injection admittance) [22] from the
extra element theorem [25]. Next, the ideal input admittance is derived similarly for the three-phase
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voltage-source inverter (VSI) as for DC-DC converters [13,23]. The ideal input admittance for the
three-phase VSI can be given as
Yin-c = Yin — GG Gio (19)

where the inverse of G, implies that the ideal input admittance corresponds to a case where the
output-voltage controller is infinitely fast. In order to simplify the analysis, the resistive losses and
the cross coupling between the d and q channels are neglected. The transfer functions of (19) can be
approximated as follows

(3cv +3cv3)s

Yin &~ (20)
2C(LV2s? +2V2
Gy ~ [ Gud Ga. } ~ [ 3CiLIygs? 4 3CiVogs +3log  3CtLIogs? 4 3C¢Viogs + 3log 1)
< a 2C¢Ls? +2 2C¢Ls? +2
& 0
g2 f
GCO ~ CfL‘/m; + Vm Voq (22)
CfLVinS2 + Vin

Vi

2
Gio ~ CfLSin‘I' ]. (23)

CeLs? +1
The ideal input admittance (19) can be shown to be:
Y. ~ _§ Iodvod N éloqvoq ~ %IodDd _ glquq (24)
T2 2 2 Ve 2V

The result is in line with the ideal input admittance of DC-DC converters [13,23]. Despite the
approximations, the model is adequate as it will be shown in Section 4.2.

4.2. Closed-Loop Input Admittance with the Input-Voltage Feedforward

The inductor-current feedback and the output-voltage feedback are formed according to Figure 2a.
The delay is neglected in the following approximation. However, when the approximation is not used
and the delay is modeled, each of the control-related transfer matrices G, G . and G, are multiplied
from right by Gy, given in (12). The multi-variable inductor-current control-loop gain is given by

LoutC = G GCL (25)

For simplicity, only the closed-loop input admittance is studied among the transfer functions. At
first, the inductor-current control loop is closed
Giin
-1 -1
Yin® = Yin + Gai | =Gee(I+ Loutc) ~ Gir, — Geo Gio (26)

where the superscript sec denotes that the secondary feedback loop is closed. The equation can be
manipulated to a form that resembles the asymptotic-gain model. First, (26) is multiplied on the both
sides from left by (I + Loyc)
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Yi.n—oo
—_—N—
(I + LoutC) Yisnec = IYin + IGciG{:IIi:n + LoutC(Yin + GciG{:/li:n) (27)

~IGiGee(I+ Louc) " GiL — LoutcGeiGee (I + Lowe) ™ GiL

Rearranging the terms, the expression for Yj,_« can be found. Then both sides are multiplied
from left by (I + Loyc) * resulting:

=I ~0 ~0

(I+ Louic) " (1 + Lowe) Y2 = (14 Lowe) " Win + (I+ Lowc) " IGGGEE

~I

- (28)
+ (I + LoutC) LoutC Yinfoo
=1 ~0
1 1
- (I + LoutC) (I + LoutC) GciGcc (I + LoutC) GiL

where it is assumed that the magnitude of the multivariate loop-gain (25) is very high. Equation (28)
shows that Y3 & Yi,_c. The same analysis can be done for the output-voltage feedback
~0

—_——
ViRt = Vi — GEC (I+ G&Gu) ™ G ~ Yin—oo (29)

With the input-voltage feedforward, the input admittance remains unchanged although the
inductor current and output voltage feedback loops are closed, and it corresponds to the ideal input
admittance defined in (24).

Figure 5a shows the open-loop input admittance with and without the feedforward. The feedforward
clearly increases the input admittance to Yj,_.. However, due to the delay in the sampling and
digital control, the phase drops and the gain changes at high frequencies. When the current and the
output-voltage control loops are closed, the input impedance appears as a constant power load within
the control bandwidth as Figure 5b shows. Nevertheless, the input-voltage feedforward keeps the
admittance in Yj,_o even outside the voltage controller-bandwidth. With the feedforward, the region
where the phase is —180° is wider than without the feedforward. The phase above —90° can cause
impedance-based stability issues at the DC interface of the converter.

3 2 20

Q Q

E R pea Y™ HIL

E E _40 in
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= > .50 in ' '
10° 10! 107 10°
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(a) (b)
Figure 5. (a) Open-loop input admittance with and without the input voltage feedforward.
(b) Closed-loop input admittance with and without the input voltage feedforward.
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5. Bandwidth Considerations

As it can be seen from the frequency responses in Figures 3a,b, and 4, the feedforward does not
minimize the gain of the input-to-output dynamics at all frequencies due to the delay. Instead, the gain
is increased at frequencies higher than f;/9.

A high frequency stability problem between a HVDC Converter and AC grid due to the AC
output-voltage feedforward was reported in [26]. The problem was solved by implementing a
low-pass filter in the feedforward. Consequently, implementing a low-pass filter in the input-voltage
feedforward to reduce the high frequency gain is analyzed. The negative effect of the feedback is
studied by inspecting the ratio of the input-to-output dynamics with and without the feedforward.

The extra-element method given in [25,27] is a technique to facilitate modeling of systems
consisting of linear transfer functions, and the theorem has been used, for example, in tuning an
active filter in a wind-power-plant system [28]. In the present paper, the extra element theorem can be
used to give a formulation for the system in Figure 2b where adding the extra element Zy implements
a low-pass-filtered input-voltage feedforward:

Z
1+ E
Gd = Gge—d % Ga = Gijod (30)
E ZEA)O
1+
Zg_q
Gsc—cl = Gio—d (31)
Zg_q =R =10 (32)
R
7 n= (33)
1+ LG 4G Ggel + LG 4G Gael
Gio—d co—d™~Vin—d —de Gio—d c0—qd*>~Vin—q —de

where Gg._g4 is the transfer function from the input voltage to the output voltage when the the
extra element, Zg, is made a short. Gy is the analyzed transfer function with the influence of Zg.
The single-injection driving point impedance, Zg_g4, is the impedance seen from the extra element
when the input voltage is replaced by a short. The null-double injection impedance, Zg_,, is the
impedance seen from the extra element when the input voltage nulls the effect of the measurement
from the extra element on the output voltage.

The low-pass filter is modeled by impedances R and Zg. R is a resistor. Zg is the reactance of
a capacitor

Zg = —jXc = (34)

—i=s
where w is the angular frequency and C the extra-element capacitor capacitance. When Zg is
short-circuited, v+ equals v, and there is no low-pass filter as Figure 2b shows. By changing
the capacitor values, the cut-off frequency of the RC-low-pass filter can be changed. The impedances
are only used as a tool to model the cut-off frequency of a digital low-pass filter, and therefore, R is set
to1 Q.

The ratio describing how the extra element affects the system dynamics can be given as follows:

Zg —jXc
1+ 1+ -
K = ZEfn — e (ZEfn) —+ ]% (ZEfn) KeR (35)
14 14 IXc , B
ZE_d 1

Xc can be solved as a function of desired K by manipulating (35) to the second-order equation
form that is easy to solve:
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X2 [1 — K2R {Zp_o ) — K2S {ZE,H}Z}

o 2 2 | 2 (36)
+Xc [-23{Zp )] + (1= K2) [R{Zp -}’ + S {Ze n})| =0
The equation has two solutions, Xc_1 and Xc_j. The required cut-off frequency, feut, for the
low-pass filter is given by

feut = %XC (w) (37)

Figure 6a shows the solutions to (36) as bode plots. Only real-solutions, where the phase is 0°,
can be implemented. In Figure 6a, Xc_; is zero below 3360 Hz which implies that design criterion
is met only when the feedforward is not used. Between 1111 Hz and 3360 Hz, the phase of solution
Xc_p is —180° which means that the low-pass filter should have a right-half-plane pole that obviously
cannot be implemented. This result implies that a first-order low-pass filter cannot be used to mitigate
the detrimental effect from the delay in the frequency range between 1111 Hz and 3360 Hz. However,
solution Xc_» can be implemented on frequencies below 1111 Hz.

A low-pass filter is implemented so that the magnitude with and without the feedforward is
the same at 250 Hz. The required cut-off frequency is calculated at 250 Hz from Xc_, shown in
Figure 6a. The required cut-off frequency is 123.5 Hz. Figure 6b shows G;,_4 and the low-pass-filtered
input-voltage-feedforward affected input-to-output dynamics d component, GXEEF*LP. As it can be
seen, the transfer functions have the same gain at 250 Hz. However, this may not be advantageous
because the effect of the feedforward is highly reduced at the low frequencies.

More benefits could be achieved from the input admittance point of view. In order to analyze the
effect of the low-pass filter on the input admittance, the elements Gs. and Zg_,, are redefined :

Gse = in (38)
R
Zg_n = (39)
1 FF 1 FF
1+ TGCifdGVin_deel =+ TGci—qGVin—quel
in in

As an example we can assume that the input admittance should be only 3 dB higher with
the feedforward than without the feedforward at 200 Hz. The solution can be seen in Figure 7a,
which shows that Xc_; is realizable at 200 Hz and it corresponds to a low-pass filter with a cut-off
frequency of 37.4 Hz. The upper gain figure in Figure 7b shows the comparison of the models of the
input admittance Y, the input admittance with the feedforward Y'"*¥, and the input admittance
with the low-pass-filtered feedforward Yizi“FF*LP in the open loop. The gain difference at 200 Hz is
exactly 3 dB. However, the lower figure in Figure 7b shows that the difference is 2 dB, which is due to
the current and the voltage controllers.

The benefit from the low-pass filter in the closed-loop input admittance is clearly visible.
However, as it is shown in Figure 6b, the feedforward effect on the input-to-output dynamics is
highly reduced by a low-pass filter. In the next section, it will be shown that the DC link capacitor can
increase the input admittance significantly, and the feedforward effect on the input admittance could
become negligible.
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Figure 6. (a) Solutions Xc_1 and Xc_, for the low-pass filter related to the input-to-output dynamics.
(b) Input-voltage feedforward-affected input-to-output dynamics d component with and without the

low-pass filter.
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Figure 7. (a) Solutions Xc_1 and Xc_, for the low-pass filter related to the input admittance. (b) Upper
figure: comparison of the open-loop input admittance gain and lower figure: comparison of the

closed-loop input admittance gain.

6. Experimental Verification

Figure 8 shows the setup of the system under study. The grid-forming inverter whose input-related
dynamics are inspected is loaded by an active rectifier. The current i;_apg is controlled to make
the load converter behave as a current sink. On the DC side, the voltage over a resistive load,
Upc—AFE, is controlled. However, during the frequency-response measurements at low frequencies,
the DC-voltage controller was not used. The switching frequency used in the load converter is 20 kHz.
The control system of the load converter was implemented by dSpace and the grid-forming inverter
was controlled by a Imperix Boombox. The parameters of the grid-forming inverter are given in Table 2.
The voltage controller has the same PI-controller as in the analysis given in Sections 2-5. However,
an additional low-pass filter is implemented at 500 Hz; therefore, the voltage controller is given by
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Figure 8. Block diagram of the laboratory setup.
Table 2. Experimental grid-forming inverter parameters and operating point values.
Parameter Symbol Value Parameter Symbol Value
Input voltage Vi 413V Input current Iin 10.4 A
Output voltage d component Vod 170V Output voltage q component Voq ov
Output current d component Ioq 165 A Output current q component Iog 0A
Switching frequency fs 8 kHz Synchronous frequency ws 2760 rad/s
Filter capacitor capacitance Ct 30 uF Filter inductance L 2.5mH
C¢ ESR and damping resistor ree 1.81 Q) L ESR o 0.065 )
Current controller P gain Kp-c 0.028 O Current controller I gain Ki.c 17.8 VA~ 11
Voltage controller Gve Equation (40) DC capacitor capacitance Cpc 750 uF

In the experiments, the load converter is not an ideal current sink. Hence, there is an
impedance-based interaction, and the load effect from the active rectifier must be considered [10,24]:

-1
Gl = (1+Z.YA™®) G (41)
-1
Yh = Yin + Ta Y (14 ZoYiE)  Gio (42)
where Y;,AFF is the AC input-admittance of the active rectifier, and the active rectifier is modeled by

similar principles that have been used to model grid-connected PV inverters [4]. The superscript “L”
is used to denote load-affected dynamics (the superscript is omitted in Figure 9 for simplicity).
Figure 9a,b show the measured frequency responses related to the closed-loop input-to-output
dynamics and input admittance, respectively. The load-affected model clearly models well the
input-to-output dynamics and the input admittance. The effect of the input-voltage feedforward
is clearly visible in the closed-loop input-to-output dynamics d component, G!°* ;. The low-pass filter
has only a minor effect on the high-frequency magnitude in G{%' ;. Therefore, the low-pass filter is
not a good solution to reduce the detrimental effect in high frequencies. If the DC-capacitance, that is
commonly used in the DC link, is included with the input admittance, the gain increases significantly
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at low frequencies so that the input-voltage feedforward makes no significant difference with the used

DC capacitor size.
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Figure 9. (a) Modeled (dots) and experimental (line) closed-loop input-to-output dynamics d
component. (b) Modeled (dots) and experimental (line) closed-loop input admittance.

7. Analysis of the Proposed Model

This section compares the proposed ideal input admittance to existing ideal input admittance
elements. It is shown that the existing model can be extracted from the proposed model.
Recently, a transfer-matrix representation for an ideal input admittance has been given [24] as:

Y. — Gio—dGei-d Yo Gio-dGeiq
in in
Y. _ Yin-co—d Yinfoofqd _ Geo—d Gcofqd (43)
—00 T - . . .
" Y'mfooqu Yin—oo—q Yin — Glo_qGCi*d Yin — Glo—ch1—q
Gcoqu Gco—q

The model in [24] is used as a tool to analyze the source-affected control-to-output dynamics of a
three-phase grid-forming inverter in the DQ domain. In the present paper, the proposed ideal input
admittance (19) is a scalar function that can be measured from a real system when the input-voltage
feedforward is used. The presentation in (19) can be used to form the elements in Yi,_« in [24]. The key
to solving the elements is to choose corresponding elements from the transfer matrices in (19) before
any mathematical operations including the inverse of Go:

Yin—co(mm = Yin + Gai (1) [Geo (m, 1)) 'GEE, () (44)

where m and n are the elements of the matrices and vectors.

The expression in (44) links the proposed model to the existing application [24] of the extra
element theorem in the dynamic analysis of three-phase converters. The findings of this study indicate
that for a three-phase inverter Yi,_ can be defined in addition to (43) [24].

8. Conclusions

The input-voltage feedforward control is widely used in power-electronic converters to prevent
deviations in the DC input voltage appearing in the converter output. However, the feedforward
implementation in three-phase converters has not been modeled in detail. This paper has proposed a
dynamic of a three-phase grid-forming inverter utilizing the input-voltage feedforward.
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The model accurately represents the feedforward-affected input admittance and the
input-voltage-to-output-voltage dynamics. The gain in the input-voltage-to-output-voltage dynamics
is significantly reduced by the feedforward. However, our study shows in detail that the feedforward
does not provide an ideal decoupling from the input-voltage deviations due to the delay. The delay
causes a detrimental effect at high frequencies, and the study shows that a minor improvement can be
achieved by low-pass filtering the feedforward control signal.

The input admittance is affected detrimentally by the feedforward. This paper has demonstrated
that the unterminated input admittance can be approximated well by the ideal input admittance which
corresponds to an inverter with an infinite fast output-voltage controller. However, if the DC capacitor
is considered as a part of the admittance, the input admittance shape could be dictated by the capacitor
admittance.

The proposed model can be applied to the impedance-based stability analysis at the DC interface
of three-phase inverters and to analyze the effect of the deviations in the DC voltage to the AC voltage.
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