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Abstract. In a global and growing society, it is necessary to rethink strategies
in order to minimize the environmental impact resulting from the progressive
increase of energy consumption and the misuse of energy resources. Energy
power system converters must be considered as a global way to spare most of
the wasted energy. Today, in the power distribution infrastructure, including
modern residential buildings, most equipment have power supplies with
imbedded AC-DC power converters which may have overall losses as high as
25% regarding the equipment output. Therefore, common DC buses for resi-
dential applications are being studied to increase equipment efficiency. This
paper presents and designs an AC-DC isolated converter that uses a full-bridge
matrix topology with high-frequency isolation transformer and non-electrolytic
capacitors to integrate into the future residential buildings DC bus, presenting a
reliable alternative to AC power. Non-linear control techniques (sliding mode
control and backstepping control) are employed to guarantee stability and dis-
turbance robustness to the output DC low voltage, while enforcing sinusoidal
input AC current and power factor correction. Control strategies are described
and simulation results are presented and discussed.
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1 Introduction

In the last years there is a big motivation to electrical energy generation in a decen-
tralized way, using clean energy resources, like solar and wind. The local generation
and consumption would avoid transport losses, improving the affordability of electrical
networks. However, the inter-connection of sources, like DC (solar) and AC (wind),
with different voltage levels and waveforms, implies their adaptation through electronic
power converters and their use in micro-grids has to follow well defined characteristics.
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Main electric networks will continue to use AC voltages for compatibility reasons
and easy voltage level transformation. However, nowadays most electric loads need
DC power obtained via AC-DC switching converter, between the AC input voltage
230 V and the DC output voltage from 5 V to 400 V. Therefore, most actual loads
such as lighting systems, small appliances and mobile devices could advantageously be
supplied from a common DC network, eliminating the need of the embedded AC-DC
converter and sparing its losses.

With the recent progress in the semiconductor technologies a single high efficiency
central AC-DC converter could be advantageous in eliminating several less reliable and
less efficient AC-DC embedded converters. Even if the DC voltage needs to be cus-
tomized, a DC-DC converter is simpler and presents higher efficiency than an AC-DC
converter. Considering also the High Voltage Direct Current (HVDC) technology DC
buses are currently an alternative to AC grids, with better use of resources, both in
transmission, distribution and in the final consumer place. These advantages will be
emphasized by the integration of electric vehicles, as they require a large amount power
to handle the fast charging of batteries. The fast charging process may benefit from the
DC grid due to the simplicity and efficiency of DC-DC converters compared to the
typical AC-DC. Moreover, in DC networks there is no reactive power compensation,
no need to synchronize generators for the network frequency, no skin effect and easier
power failure mitigation when combined with energy storage systems [1]. On the other
hand, DC networks are not directly connectable to electric machines, such as trans-
formers and motors demanding the use of switching converters (at least diode bridge
rectifiers for doubly fed induction motors driven with 3 phase inverters). Additionally,
it is necessary to adapt the handling equipment including equipment and people pro-
tections, while needing an efficient isolated AC-DC converter to link with the mains
network.

A characteristic of a DC micro-grid is its voltage level. This level must be selected
taking into account the type and the power required by connecting loads. Recently,
consensus exists in benefits of use the level around 400 Vdc to cover different types of
loads, a value advocated by associations of equipment producers, which may possibly
be adopted in the new regulations for the residential and commercial DC distribution
networks. For example, the Emerge Alliance’s [2], standards recommends 24 Vdc for
occupied Space standard (low power appliances, lighting, typically in bedrooms and
living rooms, guaranteed safety and efficiently at lower voltage) and 380 Vdc for Data
and Telecom Center standard (high power loads, kitchen appliances, air conditioning
systems for residential air conditioning and electric vehicles). Values in the order of
48 Vdc, 120 Vdc and 230 Vdc have also been considered [3].

Also within the low voltage level, the USB 3.1 standard must be considered [4],
with 3 levels of voltage 5 V, 12 V and 20 V and a maximum current of 5 A, being able
to feed loads up to 100 W at the voltage of 20 V. There is a growing trend of using
devices with USB connector type-C, such as mobile phones, tablets, laptops and other
small devices like heaters, blenders and monitors, lighting, already available in the
current market. Socially it is a type of system so well accepted that USB wall-sockets
are being installed in private houses and offices buildings.
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In this framework, the research question is how to implement the concept of
AC-DC power converters with galvanic insulation, but without the use of intermediate
electrolytic capacitor DC buses, to provide energy to a DC micro-grid.

This paper propose the use of a single-phase AC-DC power converter, using high
frequency transformer isolation, to interconnect the AC power distribution grid net-
work at unity power factor and to supply a DC micro-grid for residential or commercial
complex use, with the target of reducing losses, cost and footprint, ensuring required
quality parameters for suppliers and consumers.

2 Contribution to Resilient Systems

In an increasingly competitive society focused on improving systems efficiency [5],
optimizing stability, security and robustness, smart grids play an important role in the
community to help achieve these goals. The infrastructure improvement can happen as
long as stakeholders have an open mind to change the way energy is used. To ensure
the best operating conditions for producers and consumers, human consumption
behaviors must be supervised in order to collect all available information to make the
best management choice in a way that can decide and adapt all stakeholders for get
energy efficiency and a resilient system. In general, smart grids might quickly adapt to
new conditions, which may not be initially foreseen, and thus require a natural and
sustainable human action.

In this paper we present an AC-DC converter, without electrolytic capacitors, as a
solution or an integral part in the conversion of energy for a smart micro grid DC
network, introducing a safe and resilient alternative to the existing AC network. This
converter can be applied to network distribution or micro-networks in residential
complexes, buildings, individual homes and commercial facilities.

3 AC-DC Power Converter Topology

3.1 Circuit Description

The proposed circuit is a high-frequency transformer isolated AC-DC Converter, as
depicted in Fig. 1. Active matrix full-bridge with bidirectional semiconductor tech-
nology (SiC MOSFET) with LC filter is used, combining proper control strategy to
enforce almost unity power factor and maintaining the source current with mostly the
fundamental frequency component. Each Sy switch (ke{1,2,3,4}) uses two anti-series
connected MOSFET semiconductors to handle bipolar voltages from AC source. At
load side this AC-DC converter is composed by a diode full-bride rectifier and LC filter
to reduce unwanted harmonics of the high frequency diode rectification of the matrix
active bridge and the oscillatory nature of AC single phase power.

The differential equations of the proposed circuit are written in (1), with variables
and devices shown in Fig. 1.
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Fig. 1. Proposed high-frequency transformer isolated AC-DC converter.
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The switches states of S, S,, S3 and S, are represented in (2).

+1 — (Sl,S4ON)
5(t) = { 0 — (81,5, ON or S3,54 ON) (2)
—1 — (52,53 ON)

3.2 Control

Sliding Mode Internal Voltage Control (). Considering that, ur, = o(f)uc, and

ir, = 6(t)*sgn(uc, )niy, then, using (1) the phase canonical model for the voltage uc, is
written as (3).

dy, . ;
i Cil (’Ls — 8(1)*sgn(uc, )ir, / ”) 8

The first time derivative of uc, contains the control action d(z), thus the strong

relative degree of uc, is 1 [6], and a suitable sliding surface [7-9], can be obtained as a
linear combination of the control error e, = u'ce{ — uc, where urce{ is the reference
value to be tracked by the uc, voltage. Considering a positive gain k;, used to bound
the semiconductors switching frequency, a suitable sliding surface is

S(e,,c1 , t) = kiey,, = 0. The switching strategy is obtained applying the sliding mode
stability condition S (e,,cl , t)S (eucl ) t) <0. The derivative of (e,,c.1 , t), S (e,,cl , t) is:

ref

§ (%J) u (duc, i 8(t)*sgn(uc,)ir, /n> W

dt C, C
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The stability condition is written as (5).

. 4 i 5(1)2sgn(uc, )iy, /n
if S(ewers) > 0, then $(ey, 1) <0 — Ut — iy 20wnle )il g

(S(Z)Z‘X'gn(ucl )iLn /n
C,

(5)

ifS(euCl,t)<0,thenS(e,m,t)>0—>#—%§+ >0

o ,
From (5), the sliding mode reaching condition can be obtained as w

ref

i du,
MAX (lc% — df‘), Supposing that iy, /n is high enough to satisfy this reaching condi-

>

tion and the sgn(uc,) = sgn(ir,), on most situations, the control strategy is written as
(6). To impose finite switching frequency, the ripple Auc, voltage must be considered
and k; is selected to ensure stability and fast response.

uc, >0—0(t)=0

if §>0,then S<0 —
Uc, <0 — 5(1) ==+l

uc, >0 — o(r) = £1
0

if $<0,then $ >0 —
Uc, <0 — 5(1) =
To avoid magnetic saturation of the transformer core an auxiliary control signal,
takes advantage of the redundancy presented in (6) to ensure transformer primary
voltages with zero average value.

Backstepping Current Control (i ). Considering the state variable uc, whose
dynamics can be enforced and using the sub-system (1) the i; dynamics can be written

diy, _

as —+ = (us — uc,)/Ly. Defining the control objective e; =0, the tracking error is
e, = lzef — ir,, and a positive definite Lyapunov function candidate can be selected as
Vi(i,,t) = e} /2. From Lyapunov 2" method of stability, the time derivative of

Vi (eiLv , t) must be negative definite for all (i, ), according to V; V, <O0.

e; de; dei,_
~<0=e¢, > = —kgeiLS = dt& = —kye;, (7)

Define a positive constant &, selected to impose the time constant of the tracking error
converging to zero asymptotically. Solving (7) for usz , the virtual control law [10] is (8).

diref

Ul = u; — koLse;, — %LS (8)

The current igf must be sinusoidal for low THD and in phase with the voltage u; for

near unity power factor, with the amplitude adjusted according to the load consump-
tion. Using a controller, choosing the k, to ensure fast response and stability condition,
it is intended to control the output voltage uy using the input RMS value of input
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current i;_. Assuming the efficiency parameter #, the source power P and output power
filter Py, the input-output power is Py = Py, being Uy, I;, 1 = upir,. Using the
sub-system (1) Eq. (9) can be written assuming the load output power is Py.

duy duo 2

dio _ i (U, I P 9
7 uo(ir, —ip) = 7 Co( s dL,, 11— Po) )

Coug
Integral Backstepping Voltage Control (u). Considering the state variable I,
whose dynamics can be enforced. Consider differential Eq. (9) and define the control

. . . . ] 2
objective €2 = 0. The tracking error being €2 = u(’)‘f

— u}, add the integral of the
tracking error e; = [ eu(z)dt to ensure the convergence, in steady-state, due to the

non-modelled disturbances and parameter uncertainty [11] (as an example the effi-
ciency of system). Use a positive definite Lyapunov function V, that weights (with k)
the integral to be added to a new Lyapunov function (10).

(ea)

1
Vy, = 5k4e% +- (10)
The time derivative of V, must be negative definite (Vz = —k3eu[z), ks > 0), thus:
dV de deug 2
2z ) = _ 11
o ke tei g 3( ) (11)
Using the differential Egs. (9) and (11), it results (12).
a2 2
k4€1€ug + eu% (7 - FO (Ufmn Lo 1 — PO)) = _k3 <eu(2)) (12)
Solving (12) for I, , the virtual control law is (13).
2P,
I k k 2+ — 13
b = g (o1 + ey + ) (13

Making zr‘f V2 21, sin(wt) concludes the external loop control design, the
current being synchromzed to main power AC grid with angular frequency w. Gains k3
and k4 have to be fine-tuned in order to obtain a sufficiently slow response to avoid line
current distortion.

3.3 Input and Output LC Filter Design

According to the desired maximum switching frequency f; for the converter, the L
and C, filter input parameters are calculated by considering voltage ripple Auc,, the
current ripple Ai;, and the maximum cycle factor D for maximum power condition
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D = uon\/2/nUy, Cy = i;, D/2f;Auc, and Ly = Auc,D/2f;Air_, [12]. The output filter
Ly and Cj is chosen to attenuate the harmonic of order two of AC the amplitude voltage
component Uj,, due to rectifier bridge. Establishing the target ripples for current Aij,

and voltage Auc,, according to the desired limitation, it can written Ly = Uy, /wAip,
and C() = All@/2a)Auc0

4 Simulation Results

The circuit presented in Fig. 1 was simulated using MATLAB/Simulink considering
variations of 25% of load nominal power and the simulation contains the semicon-
ductor models, including the effects of switching and losses. For the simulation
parameters it is considered Py = 3kW, uy =48V, n=2, n=95%, f; = 50kHz,
Auc, = 10%, Ai, = 2%, Auc, = 8% and Ai, = 10%. Figure 2(a) presents the current
source i, the voltage uc,, voltage at the transformer u7, and the voltage uy.

n
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Fig. 2. Temporal evolution; (a) voltage u, and Current i;, power source; (b) Transformer
voltage ur, and current ir,; (c) Output voltage ug; (d) Voltage uc,

The current presents maximum THD of 1.8% at nominal load thus improving the
power factor, verified in Fig. 2(a). The voltage applied at the transformer primary side
(Fig. 2(b)) presents symmetry and zero average value avoiding core saturation and the
current presents a rectangular shape with variable frequency and duty cycle, due the
control technique, reaching a maximum of 50 kHz. Regarding the output voltage in
Fig. 2(c), it presents ripple below 8%. After a load variation of +25% is applied at
t=50 ms, the voltage droops 12 V with a recovery time (at 10% of voltage reference)
about 60 ms (3 cycles of frequency of main power supply). The Fig. 2(d) represents the
voltage ripple at the capacitor C| having 10% regarding the source amplitude voltage u;.
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5 Conclusion

This study demonstrates that high-frequency transformer-isolated AC-DC converters
can be integrated into future residential buildings with DC bus. Choosing a 48 V DC
bus can be a reasonable trade-off regarding human safety and efficiency. This AC-DC
isolated converter uses a full-bridge topology with high-frequency isolation transformer
working around 40 kHz to improve efficiency and reducing size, and to increase
resiliency in energy systems due to the saved energy. This converter combined with
energy storage batteries, can further improve resiliency, while reducing the ripple of the
output voltage and increasing the response speed to fast request dynamic loads on the
DC bus. The non-linear control techniques demonstrate stability and disturbance
rejection maintaining sinusoidal input AC current and power factor correction.
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