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Abstract—The classic design of grid-forming control strategies
for power converters rely on the stringent assumption of the
timescale separation between DC and AC states and their
corresponding control loops, e.g., AC and DC loops, power and
cascaded voltage and current loops, etc. This paper proposes
a multi-input multi-output based grid-forming (MIMO-GFM)
control for the power converters using a multivariable feedback
structure. First, the MIMO-GFM control couples the AC and
DC loops by a general multivariable control transfer matrix.
Then, the parameters design is transformed into a standard
fixed-structure H∞ synthesis. By this way, all the loops can
be tuned simultaneously and optimally without relying on the
assumptions of loop decoupling. Therefore, a superior and robust
performance can be achieved. Experimental results verify the
proposed method.

Index Terms—multi-input multi-output based grid-forming
(MIMO-GFM) control, cascaded controllers, loops coupling,
fixted-structure H∞ synthesis

I. INTRODUCTION

The design of grid-forming controllers is complicated, as

there always are many nested loops to be tuned in order

to simultaneously achieve multiple objectives, e.g., stability,

power regulation, synchronization, etc [1]. Therefore, sev-

eral assumptions are usually made in traditional grid-forming

control architectures. Firstly, the DC and AC dynamics are

supposed to be decoupled [2]. Secondly, it is assumed that the

active and reactive powers can be controlled independently

[3]. Thirdly, the cascaded voltage and current loops are often

neglected due to their large bandwidths compared with the

power loops, e.g., in low-power converters [4].

The above assumptions simplify the grid-forming control

design to several decoupled single-input single-out (SISO)

systems, e.g., DC loop, AC power loops, and cascaded loops,

which can be separately designed and tuned. When focusing

on the AC dynamics, an ideal DC source is typically used in

most prevalent grid-forming controllers, e.g., droop control,

virtual synchronous generator (VSG), etc [1], [2]. With respect

This work was supported by the Reliable Power Electronic-Based Power
System (REPEPS) project at the Department of Energy Technology, Aalborg
University as part of the Villum Investigator Program funded by the Villum
Foundation.

E Prieto is a lecture of the Serra Húnter programme.

to the cascaded controllers, the symmetrical optimum criterion

and modulus optimum criterion can be used [5], [6]. There-

after, predefined p- f and q-V relationships are usually used

to construct the active and reactive power loops, respectively,

where typical designs are based on the classic control methods,

e.g., root-locus and frequency analysis [2], [7].

Nevertheless, the aforementioned assumptions can not pro-

vide a superior and robust performance. On one hand, the

loops decoupling is not always reasonable due to the fact

that the low switching frequency of a high-power converter

limits the bandwidths of the cascaded controllers. In this

context, a complete model has to be used [5], [6]. On the

other hand, these simplifications limit the bandwidths of the

power loops [8] and they also discard the useful information

in the coupling terms, which have proved to be favorable in

[9]–[12], especially regarding the DC dynamics. Moreover, the

manual parameter tuning based on the classic control methods

is cumbersome and inconvenient when coping with multiple

parameters.

Recently, the H2/H∞ synthesis begins to be used in

the grid-forming controller and the VSC-HVDC link de-

sign, which, compared with the aforementioned methods,

can achieve a multi-objective optimization by simultaneously

tuning all the loops [13]–[19]. In [18], the power loops and

inner voltage loop are considered. However, the important DC

dynamics are neglected, which influences the performance of

the controllers. A multi-input multi-output based grid-forming

(MIMO-GFM) control is proposed in [19] by coupling the

DC loop and the AC power loops, which shows a superior and

robust performance. Nevertheless, the cascaded controllers are

not considered. Therefore, this paper extends the work of [19]

by including the cascaded controllers into the fixed-structure

H∞ synthesis. In this way, the following advantages can be

achieved.

1) The assumptions of bandwiths (or timescales) separation

among different loops, e.g., cascaded voltage and current

loops, and power loops, can be removed.

2) The assumptions of loops decoupling, e.g., active and

reactive power loops, and DC loop, can be removed.
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Fig. 1. DC-AC power converter configuration with low-level cascaded
controllers that process the references iu, ωu, and Eu provided by a high-
level grid-forming control strategy.

3) The parameters can be tuned simultaneously and auto-

matically in order to obtain an optimal performance.

We experimentally validate the superior performance of our

design in comparison to a standard VSG control with nested,

time-scale separated, and decoupled loops.

The remainder of paper is organized as follows. The model

of the MIMO-GFM converter with cascaded controllers is built

in Section II. In Section III, the formulation of the fixed-

structure H∞ synthesis for the MIMO-GFM converter with

cascaded controllers are given. In Section IV, experimental

results are shown, and finally, conclusions are given in Section

V.

II. MODELING OF MIMO-GFM WITH CASCADED

CONTROLLERS

Fig. 1 shows the topology of the grid-forming converter

controlled with cascaded controllers, where the power stage

consists of a three-phase converter and an LC filter with L f
and Cf being its inductor and capacitor. In the MIMO-GFM

converter, the DC source is represented by a controlled current

source iu in order to consider the dynamics of the DC capacitor

Cdc and free the assumption of an ideal DC source. Moreover,

ωu and Eu are the inputs of frequency and voltage to achieve

the ability of grid-forming, which are used as the references of

the cascaded controllers. Therefore, a MIMO-GFM controller

should provide three inputs, i.e., iu, ωu, and Eu for both the

DC and AC loops.

The power stage model of the MIMO-GFM converter of

Fig. 1, in the ωu-defined d-q frame can be summarized as

i̇d =
ωb

L f
ed − ωb

L f
vd +ωbωuiq (1)

i̇q =
ωb

L f
eq − ωb

L f
vq −ωbωuid (2)

v̇d =
ωb

Cf
id − ωb

Cf
iod +ωbωuvq (3)

v̇q =
ωb

Cf
iq − ωb

Cf
ioq −ωbωuvd (4)

i̇od =
ωb

Lg
vd − ωb

Lg
Vg cosδ − ωbRg

Lg
iod +ωbωuioq (5)

i̇oq =
ωb

Lg
vq +

ωb

Lg
Vg sinδ − ωbRg

Lg
ioq −ωbωuiod (6)

v̇dc =
ωb

Cdc
iu − ωb(edid + eqiq)

Cdcvdc
(7)

where ed and eq are the output voltages, vd and vq are the

capacitor voltages, id and iq are the inductor currents of the

filter, iod and ioq are output currents, vdc is the DC voltage, Vg
is grid voltage magnitude, ωb is the base value of the angular

frequency, δ is the angle difference between the MIMO-GFM

controller frame and the power grid frame, which is defined

as

δ̇ = ωbωu −ωbωg (8)

where ωg is the grid frequency. The dynamics of vdc in (7)

shows the natural coupling between AC and DC sides.

The cascaded controllers use PI controllers with decoupling

and feedforward terms, whose control commands are

idre f = kpv(Eu − vd)+ kiv

∫ t

0
(Eu − vd)dτ −Cf vq + k f f iiod (9)

iqre f = kpv(−vq)+ kiv

∫ t

0
(−vq)dτ +Cf vd + k f f iioq (10)

edre f = kpi(idre f − id)+ kii

∫ t

0
(idre f − id)dτ −L f iq + k f f vvd

(11)

eqre f = kpi(iqre f − iq)+ kii

∫ t

0
(iqre f − iq)dτ +L f id + k f f vvq

(12)

where kpv and kiv are gains of voltage PI controllers, kpi and

kii are gains of current PI controllers, k f f i and k f f v are gains of

feedforward terms of voltage and current controllers, idre f and

iqre f are current references, edre f and eqre f are the references

of the converter voltages.

The impact of PWM and sampling delay can be estimated

by [5], [6]

ėd =
1

1.5Tsw
edre f − 1

1.5Tsw
ed (13)

ėq =
1

1.5Tsw
eqre f − 1

1.5Tsw
eq (14)

where Tsw is the switching cycle. Therefore, the bandwidths of

the cascaded controllers is strongly limited by the employed

switching frequency. As a result, the cascaded controllers can

not be neglected as usual for the power converters with low

switching frequencies [6].

For the grid-forming converter, typically five output quanti-

ties are considered, i.e., the active and reactive power p and q,

magnitude of the terminal voltage V , the frequency assigned

by the grid-forming control ωu, as well as vdc, where p, q, V
are expressed by the state variables as follows:

p = vdiod + vqioq (15)

q =−vdioq + vqiod (16)

V =
√

v2
d + v2

q (17)

According to (1)-(17), the MIMO open-loop equivalent

model of the grid-forming converter with cascaded controllers
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Fig. 2. MIMO open-loop equivalent circuit of grid-forming converter with cascaded controllers in d-q frame.

is shown in Fig. 2, which represents a three-input five-output

system where the grid voltage is treated as a disturbance.

For notational convenience, we define the vectors:

x=
[
ed eq id iq vd vq iod ioq vdc δ

]T
(18)

ere f =
[
edre f eqre f

]T
, u=

[
iu ωu Eu

]T
(19)

y =
[
vdc p ωu q V

]T
(20)

d=
[
ωg Vg

]T
, (21)

where x is the state vector of the power stage, u is the control

vector, y is the output vector, and d is the disturbance vector.

Thereafter, the equivalent circuit of Fig. 2 can be abstracted

as a compact open-loop model as in Fig. 3. Similar to the

control synthesis in [19], this open-loop model is closed by

the multivariable MIMO-GFM feedback control as illustrated

in Fig. 4.

u0 =
[
i0 ω0 E0

]T
(22)

Yre f =
[
Vdcre f Pre f ωg Qre f Vre f

]T
(23)

Φ= (φi j)3×5 , (24)

where u0 is the vector of set-points for u, Yre f is the vector of

references for y. In addition, e is the vector of error signals.

We notice that Φ= Φ(s) is the 3×5 control transfer matrix.

The performance of the grid-forming controller is therefore

grounded on the choices of Φ, where a reasonable choice is

Φ=

⎡
⎣kpdc + kidc/s k12 0 k14 k15

k21 Dpk22/(s+ k22) 0 k24 k24/Dq

k31 k32 0 k34/s k34/Dq
s

⎤
⎦

(25)

where Dp and Dq are droop coefficients to achieve a proper

power sharing in the case of multiple MIMO-GFM converters,

the PI controller of φ11 guarantees a zero-error of the DC

u
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Fig. 3. Compact MIMO open loop equivalent model of grid-forming converter
with cascaded controllers - see Fig. 2 for details.
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Fig. 4. Compact MIMO close loop feedback control of grid-forming converter
with cascaded controllers.

voltage in the steady-state, the low-pass filter of φ22 provides

inertia characteristics like in a synchronous generator, and the

third column with zeros avoids the dependence on ωg and,

therefore, realize a complete phase-locked-loop-free (PLL-

free) system. It is noted that Φ in (25) couples all the DC

and AC power loops in a single monolithic controller.

III. H∞ SYNTHESIS OF MIMO-GFM WITH CASCADED

CONTROLLERS

As shown in (25), unlike perceiving the grid-forming con-

verter as several decoupled SISO systems [2]–[4], the MIMO-

GFM controller accounts for the natural system couplings and

thus highly improves the performance of the power converter

by assigning simple proportional controllers rather than high-

order terms (e.g., damping terms based on PLL or high-

order filters). Thereafter, another problem is how to choose



the parameters for an optimal performance. Classic methods

are manual tuning based on root-locus or frequency analysis,

which may be very inconvenient when simultaneously se-

lecting multiple parameters. Therefore, the bandwidths of the

cascaded voltage and current loops as well as power loops are

usually chosen in different timescales. Then they are designed

separately, which, nevertheless, has several shortages. First,

the loops’ decoupling between DC and AC sides is not true

for the MIMO-GFM controller. Second, the bandwidths of the

cascaded voltage and current loops may not be high enough

for a high-power converter with low switching frequency (e.g.,

2 kHz). Third, the performance may be limited in order to

keep the bandwidths separation. To cope with these issues,

in what follows we transform the parameters design of the

MIMO-GFM controller with cascaded controllers into an H∞
synthesis. As a result, all the nested loops are simultaneously

tuned to obtain an optimal performance.

To this end, the tuned parameters in both the control transfer

matrix Φ and cascaded controllers should be separated as

shown in Fig. 5. Two intermediate vectors ŷ and û are

introduced and have the following relationship

û=diag(kpdc,kidc,k21,k31,k12,k22,k32,k14,k15,k24I2,k34I2,

k f f iI2,kpvI2,kivI2,k f f vI2,kpiI2,kiiI2)ŷ

=Kŷ (26)

where the static gain K contains all the parameters to be

tuned. Thereafter, the standard structure of linear fractional

transformation for H∞ synthesis can be derived as shown

in Fig. 6 by collapsing the MIMO-GFM converter of Fig. 4

(except for K) into G. As shown in Fig. 6, w and z are the

defined disturbance inputs and performance outputs for the

H∞ synthesis, which can be chosen according to the control

objectives.

As an example, this paper considers a multi-objective prob-

lem with both active power regulation and synchronization,

where w and z are chosen as

w =
[
ΔPre f Δωg

]T
(27)

z =
[
ΔPre f − 1

Dp
Δωg −Δp Δp

]T
. (28)

We use Ti j to represent the transfer function from w j to

zi. In the H∞ synthesis, some weighting functions should be

designed to limit the focused Ti j in order to obtain a favorable

performance of the MIMO-GFM converter.

Specifically, T11 reflects the error of power tracking ac-

cording to the droop characteristics. In order to have quick

dynamics and small error, its weighting function is chosen as

W11 =
s+8

s+0.0008
(29)

Similarly, T21 reflects the dynamics of the output active

power. In order to limit the high-frequency disturbance, its

weighting function is chosen as

W21 =
1/80s+1

1/8000s+1
(30)
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Dp
1
s

6ŷ k22

7ŷ
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k24

9ŷ 9û

1
s

k34
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22û22ŷ
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z
ŷ

K

H  Design 

û
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Fig. 6. Block diagram of grid-forming converter with cascaded controllers in
linear fractional transformation.

Last, T12 reflects the power regulation responding to the

disturbance of the grid frequency. In order to have quick

dynamics and small error, its weighting function is chosen

as

W12 =
s+6

100s+0.0006
(31)

It is worth mentioning that the above equations of (27)-(31)
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TABLE I
PARAMETERS OF EXPERIMENTAL SETUPS

Symbol Description Value

ωn Nominal frequency 100π rad/s

Sn Nominal power 5 kW

Vn Nominal line-to-line RMS voltage 380 V

fsw Switching frequency 10 kHz

ωg Grid frequency 100π rad/s (1 p.u.)

Vg Line-to-line RMS grid voltage 380 V (1 p.u.)

Lg Line inductor 8 mH (0.087 p.u.)

Cf Filter capacitor 5 μF (0.0454 p.u.)

L f Filter inductor 3 mH (0.0326 p.u.)

Cdc DC capacitor 500 μF

Dp Droop coefficient of P- f regulation 0.01 p.u.

Dq Droop coefficient of Q-V regulation 0.05 p.u.

Pre f Active power reference 0.5 p.u.

Qre f Reactive power reference 0 p.u.

Vre f Voltage magnitude reference 1 p.u.

Vdcre f DC voltage reference 700 V

only show an example of how to use the H∞ synthesis to

tune the MIMO-GFM converter with the cascaded controllers,

where they can be changed according to the required per-

formance. Meanwhile, other disturbance inputs, performance

outputs, and weighting functions (e.g., for reactive power and

voltage) can also be designed analogously if necessary. There-

after, the static gain K can be obtained (e.g., by instructor

hi f struct in Matlab) from

min
K

||diag(Wi j(s)Ti j(s))||∞. (32)

IV. EXPERIMENTAL VALIDATION

In order to show the benefits of the H∞-tuned MIMO-GFM

converter with cascaded controllers, the experimental results

will be presented, where the configuration of the setup is

shown in Fig. 7, and the key parameters are given in Table I.

TABLE II
PARAMETERS DESIGNED BY DIFFERENT METHODS

Parameters Traditional VSG [6], [8]
H∞-tuned

MIMO-GFM converter

kpi 0.3463 0.1371

kii 4.6168 16.7853

k f f v 1 0.1223

kpv 0.5982 0.7738

kiv 1026.5 1136

k f f i 0 -0.1481

k21 0 -0.1956

k22 30 45.1987

k24 0 -0.0458

k31 0 -0.5115

k32 0 0.0167

k34 0.1 0.624

u [0.005 p.u./div]

p [0.5 p.u./div]

q [0.5 p.u./div]

vdc [0.01 p.u./div]

Time [200 ms/div]

Fig. 8. Experimental results of traditional VSG when Pre f steps from 0.5 p.u.
to 1 p.u.

A. Classic methods of parameters design

Before giving the results of the proposed H∞-tuned MIMO-

GFM converter with cascaded controllers, the results with the

classic methods for the popular virtual synchronous generator

(VSG) are given as a comparison of performance in this sec-

tion. The cascaded controllers are designed by the symmetrical

optimum criterion and modulus optimum criterion as shown

in [6]. Furthermore, the power loops are designed based on

the conclusions in [8]. As the results, the derived parameters

are listed in Table II. Fig. 8 and Fig. 9 show the waveform

responding to Pre f stepping from 0.5 p.u. to 1 p.u. and ωg
decreasing from 50 Hz to 49.9 Hz, respectively. The dynamics

present a stable system but with some undesired oscillations

and overshoots.

B. H∞ Synthesis of parameters design

By solving (32) with the parameters of the VSG as initial

values, the parameters of the MIMO-GFM converter with



u [0.005 p.u./div]

p [0.5 p.u./div]

q [0.5 p.u./div]

vdc [0.01 p.u./div]

Time [200 ms/div]

Fig. 9. Experimental results of traditional VSG when ωg decreases from 50
Hz to 49.9 Hz

u [0.005 p.u./div]

p [0.5 p.u./div]

q [0.5 p.u./div]

vdc [0.01 p.u./div]

Time [200 ms/div]

Fig. 10. Experimental results of H∞-tuned MIMO-GFM converter when Pre f
steps from 0.5 p.u. to 1 p.u.

cascaded controllers can be derived by H∞ Synthesis, where

the results are also listed in Table II. It should be mentioned

that k12, k14, and k15 are kept at 0 due to the fact that the

DC control of the experimental setup is unchangeable. Fig.

10 and Fig. 11 show the waveforms of the same test cases as

the traditional VSG in Section IV-A. It is observed that the

MIMO-GFM converter tuned by the H∞ synthesis has much

smoother dynamics with almost no overshoot. Importantly,

the design of the H∞-tuned MIMO-GFM converter is only

determined by the chosen disturbance inputs w, evaluation

outputs z, and weighting functions W , which are dependent

on the required performance but not on assumptions of loops

decoupling and bandwidths separation.

V. CONCLUSION

This paper proposes a design method of MIMO-GFM

converter with cascaded controllers. A control transfer matrix

based on the multivariable feedback is used to couple the DC

and AC power loops. Thereafter, it shows that the parameters

design can be transformed into a fix-structured H∞ optimiza-

tion problem, where all the parameters including the ones

u [0.005 p.u./div]

p [0.5 p.u./div]

q [0.5 p.u./div]

vdc [0.01 p.u./div]

Time [200 ms/div]

Fig. 11. Experimental results of H∞-tuned MIMO-GFM converter when ωg
decreases from 50 Hz to 49.9 Hz

of the cascaded controllers can be tuned simultaneously. By

this way, the assumptions of loops decoupling and bandwidths

separation are freed and superior performances are obtained,

which are illustrated by some design and experimental tests.
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