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Abstract—The increasing use of power electronics systems
and distributed generation in modern power networks has
raised important issues regarding the effects that inter-connected
converters systems can have on the performance and stability of
the whole grid. Interactions between locally optimized converters,
designed not taking into account the external influence of the
system in which they are operating, may lead to performance
degradation or even system instability and failure. This paper will
deal with the problem of active-front end control design taking
into account of system interactions with other power converters
in the grid. A globally optimized local converter control tuning
method, which is based on a state space model identification of
the unknown grid system seen from the converter at its point
of common coupling (PCC), is here proposed. The plant for the
control design will then be not only represented by the local
converter dynamics, but will also include the identified system
at the PCC. In order to describe and validate the concept,
a simplified notional system, comprising of two interconnected
converter systems coupled on the same AC bus is analyzed. The
effectiveness and advantages of the proposed method is validated
by experiments with a traditionally designed PI controller for
comparison.

Index Terms—identification, h2 optimization, active front-end

I. INTRODUCTION

Power electronic embedded distributed power systems are
being adopted in an increasing number of modern applications,
ranging from large energy systems to micro-grids, from the
more-electric aircraft to new naval ships power systems [1].
Concerns about performance, power quality and stability of
these inter-connected power converters systems, due to the
interactions among converters, have arisen, which necessitates
of coordinated and optimized control both at converter and at
system level.

Such power systems are composed of different types of
power converters, which in practice may come from different
vendors. Information on commercial products are usually
not totally accessible, thus preventing engineers from having
a full knowledge of said converters. The lack of accurate
mathematical models for all systems in the grid is an obstacle
to implement a local control that integrates grid interactions for
optimized performance. Especially, when design a controller
of an active front-end for a DC load to be attached on a weak

ac grid, it is challenging to find a stable and fast controller
using traditional PI method. Thus, in order to implement
globally optimized control for the local converter, an active
front-end in this paper, there is the need to identify a model
of the system with unknown parameters seen at the converter
PCC.

Theory and implementation of model identification have
been well researched to deal with situations where an accurate
mathematical model is not available. Algorithms such as the
least square method, maximum likelihood method and sub-
space identification algorithm have been extensively studied
[2]. The best approach to estimate a network equivalent model
seen by the converter PCC is to operate a grid impedance
measurement from the converter itself. In the past considerable
research activities were focused on measuring small-signal
impedances of power converters and/or systems by pertur-
bation injection and frequency sweeping. These researches
aimed to obtain impedance models to aid stability analysis
through Nyquist admittance ratio criterion. While in this paper,
time-domain response data is gathered in an identification
experiment to estimate a state space model of the grid seen
at the PCC, which will be integrated in the local converter
controller design.

In this paper, an optimized controller tuning method for
power converters integrating a grid state space model identi-
fication is proposed. It is capable of fine tuning a controller
considering interactions between the “to be designed” con-
verter and other converters (with unknown parameters and
controllers) connected to the same network. Based on the
identified model of the unknown converters, an overall model
of the inter-connected converter system is built, by which
an optimized controller for the “to be designed” converter
is synthesized through structured h2 optimization algorithm
achieving optimal control and better dynamic performance. A
reduced notional system, including two interconnected con-
verter systems coupled on the same AC bus has been built to
demonstrate the validity of proposed approach.

II. VSI-AFE SYSTEM MODEL

A schematic of the notional system discussed in this paper
is depicted in Fig.1. The ac grid is generated by an off-the-



shelf voltage source inverter (VSI) with an LCR output filter.
A constant power load (CPL) fed by an AFE is attached on
the grid. An inductive input filter, capacitor output filter and
phase-locked loop (PLL) for AFE are included. The optimal
control design method proposed will be applied to the AFE.

Fig. 1. Schematic of the VSI-AFE notional system

A. Small Signal Model of VSI, AFE and PLL

The current and voltage dynamics of the two subsystems
are modelled by (1) and (2) in the dq frame that rotates
synchronously with the VSI output voltage angular speed ω
[5] [6]. In the case of this study, ω = 2π · 400 rad/s. The two
subsystems interact through the currents and voltages on the
ac bus, represented by Iad/aq and Vcd/cq , at the PCC.
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İad =
Vcd
La
− Ra

La
Iad + ωIaq −

Vdcapd
2La

(2a)
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The terms Vcd/cq and Iid/iq represent the dq-frame VSI
output capacitor voltages and inductor currents respectively.
Iad/aq and Vdca are input filter dq frame currents and output
DC-link voltage of the AFE respectively. md/q and pd/q are
the modulation indexes of VSI and AFE respectively. Vdc
is the DC voltage source of VSI. The passive components
R, L and C represent the VSI filter resistance, inductance
and capacitance respectively. Ra, La represent AFE ac filter
resistance, inductance respectively while Ca is AFE output
filter capacitance. P represents the power of the CPL.

θe = θ − θ0 (3)

Fig. 2. Block diagram of the SRF-PLL
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The most common PLL is SRF (Synchronous reference
frame)-PLL shown in Fig.2. θ0 is real phase angle of the grid
and θ is the identified angle by PLL. Dynamics of the PLL
can be modelled by (5) [6]. θe is the difference between θ0
and θ. kppll

and kipll are the proportional and integral gains of
PLL’s low pass filter (LPF). x is the output of first integrator
with integral gain of kipll .

B. AFE and PLL State Space Model

The linearised state space representation of the AFE is (6):{
ẋafe = Aafexafe +Bafeuafe +Gafedafe
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(6)
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wiaq and wvdca are integral states used to eliminate steady
state error of the regulated Iaq and Vdca. Iaq is controlled to
zero to maintain a unity power factor on the ac bus. The terms
with ∗ superscripts in (10) are equilibrium point values of the
corresponding states. (12) is the state space representation of
the PLL and upll is virtual input helping to construct state
space equations from (5) and has no physical meanings.



ẋpll = Apllxpll +Bpllupll (12)
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III. CONTROL DESIGN OF AFE
In this part, the proposed optimal controller design method

for the AFE will be presented and compared with the tra-
ditional PI method. The performance of controllers designed
in these two different ways will be compared later. Firstly,
the control scheme of VSI for the comparison experiment is
presented.

In this paper, the VSI is implemented to emulate the grid
side system. It is assumed to be unknown for engineers when
they do the control design for an converter-interfaced load to
be attached on the grid afterwards. Without loss of generality,
a traditional cascade PI controller is employed for VSI in
this paper. The tuning methods of the PI parameters in such
applications are well documented [7] [8].

Fig. 3. PI control loop for VSI{
ẋvsi = Avsixvsi +Bvsiuvsi

yvsi = Cvsixvsi
(15)
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]T
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[
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]T
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The input-output characteristics of VSI seen from the rest
of grid can be fully modelled by the state space model
represented by (15). Avsi ∈ Rm×m,Bvsi ∈ Rm×2 and
Cvsi ∈ R2×m are the state matrix, input matrix and output
matrix respectively. m is the order of VSI. In actual fact, the
existence of this model does not depend on the control scheme
the VSI has adopted.

A. Traditional PI Control Design of AFE
The most common control method used is the PI control

scheme shown in Fig.4. The sections attribute to dashed lines
are only valid in the identification procedure and will be
detailed later. The PI gains are tuned by the pole-placement
approach (17) [8]. fi, fv , and ξ are current, voltage bandwidth
and damping factor respectively.

kpv = 2Ca · 2πfv;
kiv = Ca · (2πfv)2;
kpi = −2ξLa · 2πfi +Ra;

kii = −La · (2πfi)2;

(17)

Fig. 4. Traditional PI control loop for AFE

B. Optimal H2 Control Design of AFE
In practice, different parts (sources and loads) of a complex

power electronics embedded network may come from different
manufacturers and suppliers. They are usually designed and
optimized individually at the subsystem level. The dynamics
of the grid is not considered and utilized in control design
procedure of a local converter. In fact, it will be demonstrated
in this paper that if model of the grid can be integrated into
the controller design of the AFE, the dynamic response and
stability margin of the whole system can be greatly improved.
This relies on a full model of the whole system (VSI-AFE
system shown in Fig.1), shown in (18).
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ẋpll

 =

Avsi B̃vsi 0
G̃afe Aafe 0

0 0 Apll

xvsixafe
xpll

+

 0 0
Bafe 0

0 Bpll

[uafe
upll

]

G̃afe = GafeCvsi (19)

B̃vsi = BvsiCafe (20)

The bold zero matrix are of proper dimensions. In (18), the
closed-loop model of VSI shown in (15), is combined with
open loop model of to be designed AFE (shown in (6)) and
PLL (5). In this way, a full model of the VSI-AFE system is
built. It can be used to synthesise a controller for AFE and it
inherently has taken into account interactions between the two
subsystems. The interactions are expressed as grid voltages
Vcd, Vcq and currents Iad, Iaq and take effect by G̃afe and
B̃vsi. The definitions of G̃afe and B̃vsi are shown in (19) and
(20).

By use of the structured H2-optimization algorithm [9], a
controller K can be synthesised and forced with the specified
structure S (21) meanwhile. The 1s are all-ones matrices.
Zero matrices in S indicate that corresponding entries of K
(namely, controller gains) are zeros. In this way, the controller
developed for AFE is independent from state variables of VSI.

S =

[
0 1 0
0 0 1

]
(21)

The method relies on a model of VSI, which, however, is
usually not available in practise. This necessitates identifica-
tion techniques to be employed to identify a model of VSI.



C. VSI Model Identification

No change of the system hardware configuration is needed
in identification experiment. In this case, AFE acts as a
current perturbation source. It receives pseudo random binary
sequence (PRBS) signals as its current reference, and adds
them into the current control loop, shown in the dashed line
area in Fig.4. The PRBS signals may need to be filtered
to ensure disturbances of equal power across the desired
frequency range of interest. The output perturbation currents
of the AFE, are injected into the VSI output terminals, and
voltage response of the VSI is then sampled. The data of
all the analysed currents and voltages are collected and then
passed into the Subspace Identification Algorithms (SIA) and
Prediction Error Minimization Algorithm. The result is the
identified state space model of VSI in the form shown in (15).
The model order is selected during the SIA state-space model
synthesis according to the Hankel matrix [10].

Validity of the identified model could be checked by com-
paring bode diagrams of the identified model and the known
nominal model. The latter is based on actual parameters used
in the rig. In this research, the bode plots of the identified
VSI model match those of the nominal model, comfortably
in the frequency range of interest, which means the identified
model describes the real dynamic behaviour of VSI well. It
could also be seen later that the optimal H2 controller designed
by this identified model achieved a good performance. This
identified model will be utilized to replace (15) in building
system overall model (18).

IV. PERFORMANCE COMPARISON AND ANYLYSIS OF
OPTIMAL H2- AND TRADITIONAL PI CONTROLLER

To investigate the effectiveness of the proposed optimal
controller design method, an experimental setup has been
built, shown in Fig.5. Passive components and reference
values are shown in Table.I.

Fig. 5. Experimental rig of the VSI-AFE system

A. Case with Higher Bandwidth VSI

In the first case, a VSI is employed with traditional PI
controller with parameters shown in the 2nd row of Table.II

(a)

(b)

Fig. 6. Dynamic response waveforms of (a) traditional PI controller and (b)
optimal H2 controller, under 0.8kw step load change



TABLE I
PARAMETERS OF EXPERIMENTAL RIG

VSI
R 300mΩ Vdc 290V
L 230µH Vcdref 141V
C 33µF Vcqref 0V

AFE
Ra 800mΩ P 0.8kW
La 565µH Vdcaref 400V
Ca 100µF Iaqref 0A

TABLE II
PARAMETERS OF VSI PI CONTROLLER

Voltage loop Current loop
Higher bandwidth 0.037+10.552/s 2.301+7354.8292/s
Lower bandwidth 0.016+2.084/s 0.856+1452.805/s

and its voltage bandwidth is fv = 23Hz. Then two different
controllers for AFE were synthesised by the method stated
in III-A and III-B, and denoted as traditional PI controller
and optimal H2 controller respectively. AFE adopting these
two controllers are each powered by the fixed VSI. A tran-
sient is created by suddenly loading the constant power load
P = 0.8kW, at t=0.1s in Fig.6. The dynamic responses on the
grid and AFE DC-link when these two controllers are adopted
respectively are shown in Fig.6(a) and (b).

Optimal H2 controller tuned including identified model has
a transient time of 0.05sec whereas 0.15sec of traditional PI
controller. The undershoot on AFE DC-link voltage Vdca also
shows a great advantage, 0.019 p.u. of optimal H2 controller
contrasting with 0.09 p.u. of PI controller, shown in Fig.7.
Note that the traditional PI controller here is already tuned with
the fastest possible speed by the PI control scheme in Fig.4.
Its PI gains are Kpv = 0.062, Kiv = 9.869,Kpi = −6.299
and Kii = −22305.305.

B. Case with Lower Bandwidth VSI

Furthermore, to explore the capability of optimal H2 con-
troller, the voltage bandwidth of VSI is decreased to fv =
4.8Hz, corresponding to the 3rd row in Table.II. This means
bigger output impedance of VSI and reduced stability margin,
and more serious challenge for AFE design [11].

In this case, the optimal H2 controller could still stabilize
the system under the load change (Fig.7(c)) while traditional
PI controller could not (Fig.7(d)). In the meantime, charac-
teristic loci derived from impedance ratio matrix of the two
subsystems are plotted in Fig.8. As can be seen, the loci of
H2 optimal controller (red curve) are further from critical
point −1 + 0i, which means a larger stability margin [2].
When the VSI decreased its bandwidth (Fig.8(b)), the loci of
PI (blue dash curve) are too close to −1 + 0i and it is not
sufficient to maintain stability under network disturbances. It
corresponds to the fact in Fig.7(d) that instability is yielded.
In all, the optimal controller considering the identified grid is
much better in mitigating interactions and extending stability
margin of the whole grid.

(a) (b)

(c) (d)

Fig. 7. AFE DC-link voltage (light blue) and phase-to-phase grid voltage
(yellow) on scope — (a) optimal H2 controller, high bandwidth VSI (b) PI
controller, high bandwidth VSI (c) optimal H2 controller, low bandwidth VSI
(d) PI controller, low bandwidth VSI

(a)

(b)

Fig. 8. Characteristic loci of optimal H2 controller (red) and PI controller
(blue), each converter have 2 loci (λ1 in left figure and λ2 in right figure)
— (a) high bandwidth VSI (b) low bandwidth VSI



V. CONCLUSION

This work proposes the use of a system impedance esti-
mation seen at the PCC of the active front-end under study
in order to identify an equivalent system model and then
using structured h2 optimization algorithms to synthesize an
optimal controller. A perturbation injection method is used
for impedance measurement, while subspace identification and
PEM algorithms are applied to identify a state space model of
the unknown grid side. The method has been demonstrated
for a simplified two-converter system. Experimental results
clearly show that when the identified model of the unknown
converter is taken into account, the controller derived from
the established overall model gives more stability margin and
better dynamic performance.
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