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Abstract - Classical transformers are the most important
constituent of the power system and act as a passive interface
between high voltage and low voltage systems. They have
undesirable characteristics such as poor voltage regulation, large
size/weight, sensitivity to harmonics, and poor power flow
control. Solid-state Transformers (SSTs), are an emerging power
electronics-based technology, sought to replace classical
transformers after a century. SSTs are equivalent to a classical
transformer with embedded desired functionalities. In this paper,
three-phase AC-AC converter with capacitor at the DC-link is
employed as power electronic interface in MV and LV side of the
SST. Input-output feedback linearization (IOFL) controller is
used to control the AC-AC based SST in two stages for
controlling the external and internal states. AC-AC SST is
linearized by the input-output feedback linearization technique
where an internal dynamics is observed. IOFL is used to control
the internal dynamics and second stage of the controller in the
outer loop. Simulation studies are realized to confirm the
applicability of IOFL controller and the control method.

Index Terms — Input-Output Feedback Linearization, AC-AC
Converter, Solid-State Transformers.

I. INTRODUCTION

AC-AC converters with capacitor at the DC-link can
independently control the reactive power on both sides [1].
The capacitor at the DC-link allows bidirectional flow of
power in the converter. These features make the AC-AC
converter a perfect solution for building three-phase SSTs.
One of the possible SSTs configuration based on the three-
phase AC-AC converters is given in Fig. 1. In this
configuration two AC-AC converters are used, one in the MV
and other on the LV side to shape the current and voltage
waveforms and control active and reactive power flows. In
addition, galvanic isolation and voltage level conversion is
done by a three-phase medium frequency transformer (MFT).
These topologies can provide full-functionalities of the SST
[2], [3], [4], and [3].
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Fig. 1 SST based on three-phase AC-AC converter at MV and LV sides of the
three-phase MFT.

Up to now many control techniques are used for AC-AC
SSTs, they are emphasizing on the dynamic performance of
the SST in the distribution grid. For instance, Ref. [6]
proposes a controller structure based on linear quadratic
regulator (LQR). This work is based on linear control theory
and suffers from non-zero steady-state error and needs
additional integral action to overcome the problem by
sacrificing the dynamic performance of the converter.

Nonlinear control theory does not suffer from linear
control theory problems. However, the design is highly
depending on the plant under control. The application of the
nonlinear control theory for controlling SSTs is reported in the
papers [7], [8], [9], and [10]. Nonlinear control guaranties the
asymptotic stability of the AC-AC SSTs regardless of their
operating point based on the Lyapunov direct stability theory
[7]. In addition, robust operation with different uncertainties
can be achieved based on the sliding mode control is presented
in [9] and [10]. However, no research articles discussed about
the application of input-output feedback linearization (IOFL)
control for AC-AC converters. This method is applied to three-
phase AC-DC boost voltage source converters and three-phase
UPS as presented in [11] and [12], respectively. Such papers
have shown that IOFL control is an effective technique in
controlling the power electronic systems. This technique
provides the better stability feature as it involves with the
nonlinear control theory. Also, the controller design is simpler.
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Fig. 2 Three-phase AC-AC converter at LV sides of the SST.

In this paper, a low frequency to medium frequency AC-
AC converter is considered as the main building block of the
SST on both MV and LV sides. In the medium frequency side
of the AC-AC converter, power quality is not an issue,
therefore, small series inductor can be used in the simulation
of the controller, which is the leakage inductance of the MFT.
IOFL is employed for linearizing the LV side AC-AC
converter of the SST. The system zero dynamic is identified
and controlled by an outer control loop such that the global
asymptotic stability can be preserved. Simulation is done on a
400 V to 400 AC-AC converters with a DC-link voltage of 500
V which can be implemented based on the 1200 V standard
semiconductor modules. The controller applicability is
validated using simulation results in MATLAB/Simulink
software.

Il. SST SIMPLIFIED MODEL

As can be seen in Fig. 2, MV and LV side AC-AC
converters have the same topology. Thee describing
differential equations of the AC-AC are extracted from [7].
For LV AC-AC converter, differential equations are presented
in equations (1) to (7):
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Where vsg and vsq are the dq components of vs and eq and eq
are the dq components of Es which is the MFT three-phase
output voltage vector. Also, vy and vy are the dgq components
of vt and viq and viq are the dg components of v, which is the
load three-phase output voltage vector. For modelling of MV
AC-AC converter, v can be replace by the grid voltage ve. isq
and isq indicate the dg components is. The three-phase load and
inverter currents are symbolized by i. (i.s and i) and ir (it
and iq), respectively. Ls and Rs are the grid side filter and the
equivalent resistance and inductance of the distribution
network, respectively. Besides, R, L; and C:; are the
components of load side filter.

I11. IMPLEMENTING FEEDBACK-LINEARIZATION FOR SST

Equations (1) to (7) are the SST’s simplified model
differential equations. The system has 4-input and 4-output, so,
it is a MIMO system. These equations can be rewritten in the
following compact form as:
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The extraction of the control law can be initiated by
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From equations (17) and (18), the condition for existing
inverse of E is vgc#0 that is always held. Substituting (15) into
(14) yields a new set of deferential equations as:

deriving time derivative of the output vector in equation (12)
as follows:
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The inputs (U and uig) are observed in isg and isq time
derivatives, so, there is no need for continuing time
derivatives. But, second time derivatives of vi4 and viq are

The order of the new differential equations is 6, while the
order of the original system is 7. Therefore, the system has one
internal dynamic. The control and stability of the internal
dynamic will be discussed in the next section. As the new
system is linear, any design methodology based on the linear
control theory can be used.

In a tracking problem, errors of the under control signals
can be represented as follows:

required. Final time derivative of output vector is given in (14) €=Y~¥q (20)
at the bottom of this page. The following control low cancels Their first time derivatives are
nonlinear nature of the system from the view point of the new & =iV
input control v. 1o
u=E"(v-W) (15) € = Y2~ Yag 1)
Where: €3 =Y3~Yaq
o & = VaVag
V= |:U1 Ly U; U4:| (16) . . .
The second time derivatives are:
Y v v Y
det(E) =| — dc _ Ydc dc dc 17 5w
(® ( 2LSJ( 2LSJ[2Cfo 2C;L¢ (7 .6.3 ¥.3 )./.3d (22)
€4 =Ys—Yaq
New control laws can be defined as follows:
I R, . 1 17 v i
—— iy + @i, +—¢ __dc
I-s sd T sq I-s d 2'_5 0 0 0
; . R, .
N —oily — i 0 = 0 0
?,.2 =W+Eu= ° + ? u (14)
y Ri . 20, Vig 2 - 1d. Ve
73 - g+t — g == Vg < lg — = ld 0 0 = 0
Rf . 20, . Vig 2 . 1 d. Vic
— ffg =2y ————— )V g + =2 g ———I 0 0 0 —




Vi = Yig — K18 = Vg —Kiy (V1= Vaa)
Vo = Yoq —K21€y = Voq — km(Yz — Yo )
V3 = Yaq —Kap€3 — kg€

= Vaq —Kap (S’3 ~VYaq )—k31()’3 ~ Yaq )
Vy = Yag —Kao€q —Ka18y

= Vad —Kao (Ya = Vag ) =K1 (Ya = Yaq)

Substituting (23) into (19) gives and then applying
Laplace transform:
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Selecting k>0 result in a stable system where errors
approach zero when time approaches infinity. Therefore,
designing of the controller reduces to the selection of k;; in the
domain of positive real numbers. The control law can be
rewritten using the system state variables:
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Final control law of the input-output feedback

linearization is obtained by simplifying equation (25) and are
presented in equations (26) to (29) at the bottom of this page.

IV. STABILIZE INTERNAL DYNAMICS

Equation (27) is the only internal dynamic of the system.
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This equivalent resistance in the steady-state can be
calculated as:
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Where; load current component can be obtained from the
output voltage and the connected power as follows:
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Where Iy is selected as the control input of equation (36)
and also unity power factor is assumed ls;=0. Now, new state

variable is defined as ¢ = v§c and so (35) becomes:
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Therefore, following IOFL linearizes equation (36) as:
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So, any linear control theory can be used to control (37).
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Based on the steady-state analysis of the SST given in [7], t
the power balance equation in first stage of converter is:
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So, Isg can be calculated from the quadratic equation (39).
It can be considered as the control law of the second stage of
the controller and it is given in equation (40) at the bottom of
previous page.
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This controller can be considered for the MV side AC-AC
converter due to the symmetry of the SST topology.
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V. SIMULATION RESULTS

The AC-AC SST simplified model defined in equations
(1) to (7) along with feedback linearization control equations
(26) to (29) and (38) are implemented in MATLAB/Simulink
platform.

To overcome the non-zero steady-state error in DC
voltage, an integral action is added to the control law in
equation (38). The electrical parameters of three-phase AC-AC
converter are given in table I.

TABLE |
AC-AC CONVERTER DESIGN RESULTS
MFT Side Converter Load Side Converter
f1 20 kHz f2 50 Hz
Ls 25 uH Lt 5mH
Rs 1Q Ct 500 puF
C 1000 pF Rt 02Q
K11 10 K31 2000
ka1 600 K32 60
Kv 0.001 Ka1 10
kvi 0.04 Ka2 60
E (peak) 163 V VL phase (RMS) 220 V
Vdc 500 V PL 2200 W
Isg 0A Q. 0 VAr

Simulation results are shown for 2 seconds in which four
disturbances are applied to the plant for testing the behaviour
of the proposed controller. The disturbances are: a 30%
symmetrical voltage dip in the medium frequency input
voltage at time 0.25 to 0.5 seconds, decreasing load by step
change from 2200 W to zero at time 1 sec, and reversing the
power flow from zero to -2200 W at time 1.5 second.
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Fig. 3 AC-AC SST simulation results: (a) medium frequency current of MFT, (b) AC voltage of the 50 Hz load.
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Fig. 4 DC voltage of the DC-link capacitor.

Fig. 3 (a) shows medium frequency current in the LV side
of the MFT which flows into the AC-AC converter. Current is
changing proportional to load side power, current increases
when voltage decreases and it reverses when power flow
reverses. Fig. 3 (b) indicates the load voltage variation versus
various disturbances. It can be seen that the 30% voltage dip in
the medium frequency voltage has no effect on the 50 Hz load
voltage. Also, severe interruption in the load doesn’t affect the
voltage quality, significantly. Load voltage is magnified in
three-time intervals TTI-1, TTI-2 and TTI-3 for better
visualization and shown in Fig.3 (b). DC-link voltage response
to the mentioned disturbances is presented in Fig. 4. Its
maximum overshoot/undershoot in the voltage dip and load
change are 12 V and 19 V which are 2.4% and 3.8% of the
nominal DC voltage, respectively. Also, settling time is 0.1
and 0.05 second for voltage dip and severe load change
responses, respectively.

The obtained results demonstrated that the proposed IOFL
controller is applicable to AC-AC converter of the SST
topology shown in Fig. 1. The controller guarantees the global
stability of the system and also dynamic characteristic are
promising. Therefore, IOFL can be considered as a solution in
the AC-AC SST applications.

V. CONCLUSION

Applicability of the IOFL control method is validated for
AC-AC converter with capacitive energy storage device in the
DC-link. In solid-state transformers (SSTs), low frequency
power can be converted into medium frequency power by AC-
AC converters for enabling medium frequency transformer
(MFT) usage. IOFL method is applied to AC-AC converters in
two stages for controlling both external and internal states.
Three-phase AC-AC converter has 7 states where 6 of them
are external and the other is the internal state which is
controlled by an outer control loop over the first stage IOFL.
The controller benefits from both advantages of the linear and
nonlinear control theories. In one hand, global asymptotic
stability is achieved and on the other hand, linear control
theory methods such as proportional and integral controllers
are adopted for simplicity. The designed controller is validated
using simulations on a 2.2 kW 400 V AC-AC converter as the
LV side converter of an SST.
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