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ABSTRACT When ac and dc microgrids get exposed to load power changes or voltage transients, instability
could occur owing to constant power loads’ (CPLs) behaviour. CPL has the negative impedance behaviour
which is the reason behind such instability. A flexible alternating current transmission system (FACTS)
devices are used in ac grid to help improve the power quality under such circumstances. Contrarily,
dc networks doesn’t have such devices and suffers under similar situations. In this paper, the T-Type Modular
Dc Circuit Breaker (T-Breaker) is proposed to act as a compensator device for dc networks when energy
storage is integrated. Its compensation functions in addition to breaking and limiting a system’s current can
be achieved using this single device. By implementing the T-Breaker’s shunt (current) and series (voltage)
compensations, ride-through of grid transients can be achieved. T-Breaker’s series compensation function
and how it can be integrated with the shunt compensation to improve the stability of a dc microgrid is the
focus in this paper. In addition to modeling and simulating the system, both small signal and large signal
stability are analyzed. Furthermore, a scaled down 270 V 5 kW system is utilized to validate T-Breake’s
compensation functions and their influence on a microgrid’s stability.

INDEX TERMS T-Breaker, series compensation, series-shunt compensation, DC microgrid, constant power

load, solid state circuit breaker, Silicon Carbide (SiC).

I. INTRODUCTION

Developments in power electronics allowed dc microgrids
becoming a common choice of power distribution option
for applications like data centers, commercial buildings [1],
vehicles on land, air or sea [2], [3], [4], [5]. When a load
changes suddenly or a fault occurs in a microgrid, the micro-
grid’s dc bus voltage can fluctuate. Such transients in the
bus voltage can negatively affect the power quality of the
microgrid [6]. Due to the negative impedance behavior of
Constant Power Loads (CPLs), dc networks could become
unstable when there is a significant bus voltage transient.
Stability concerns of dc networks containing CPL have been
explored in literature [7], [8], [9], [10], [11].
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Literature has introduced many solutions to surmount the
instability of CPLs. First approach to assure dc microgrid’s
stability is to modify passive components [9]. However,
heavy capacitors or inductors will reduce the power density
in vehicular applications (ships, aviation...etc) where min-
imized weight and size are targeted. Second, overcoming
these transients can be achieved by controlling the source
or load side converters. [7], [12], [13], [14], [15], [16]. This
approach cannot be generalized because it can only be built
for a particular converter. To enhance stability, the third
option recommends adding an auxiliary circuit on the load
side and utilizing energy storage to alter the corresponding
impedance of the CPL [11], [17]. Voltage compensation is
the suggested approch in this study, where voltage insert-
ing/absorbing is introduced to enhance system’s reliability by
sustaining CPL’s input voltage during bus voltage transients.
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FIGURE 1. T-Breaker's generic system diagram using half bridge
submodules.

Voltage compensation will be accomplished using the
recently developed T-Type Modular Dc Circuit Breaker
(T-Breaker) [18], [19].

T-Breaker utilization in a microgrid aids the achieve-
ment of protection and compensation tasks Fig.l1 depicts
the schematic of a generic T-breaker system. The modular
structure design of the T-Breaker’s allows it to be used in
low and medium voltage microgrids. When energy storage
devices are integrated across its arms, it can accomplish
the compensation tasks. When controlling T-Breaker’s ver-
tical arm’s submodules, shunt (current) injection/absorption
can be achieved [20]. When the two horizontal arms’ sub-
modules are controlled, series (voltage) insertion/absorption
can be realized. When these two compensation functions
are implemented, the T-Breaker can resemble the flexible
alternating current transmission system (FACTs) devices in
ac networks [21]. T-Breaker being used as all-in-one device
which can clear fault current [18], [19] and compensates
against voltage and current disturbances can change and
improve the landscape of dc networks. A brief discussion
of the T-Breaker’s breaking function [18] as well as the
shunt compensation alone are presented here. The principle,
operation, control and analysis of the series and series-shunt
compensation functions utilizing the T-Breaker hardware are
the main contribution of this work and they are thoroughly
studied. Where large signal analysis, small signal analysis,
and simulation of the modelled system are shown. In addi-
tion, an experimental results of a scaled down dc microgrid
is presented for validation of the T-Breaker’s compensation
functions.

Il. T-BREAKER’'S BREAKING FUNCTION
T-Breaker is derived based on the modular multilevel con-
verter concept [18]. It has three arms: left arm, right arm and
vertical arm. Each arm can be formed by multiple half-bridge
or full-bridge submodules connected in series. By controlling
the switching of submodule devices, submodules can be rep-
resented as controllable voltage sources or current sources
as shown in Fig.2. T-Breaker is supposed to operate in the
normal operation mode unless there’s a fault in the system.
In the normal operation mode, the power from source
is directly delivered to the load. All the horizontal sub-
modules are in the bypass state and the equivalent voltages
of Vi and Vg are zero. The submodules in the vertical arm
are in the off state and the magnitude of I.4yp is zero.
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FIGURE 2. T-Breaker equivalent circuit in Series-Shunt compensation
mode.

The breaking mode is triggered when a high current fault
is detected. During the breaking mode, all the switches in
horizontal submodules are off. The fault current will flow
through the anti-parallel diodes into submodules’ capacitors
as shown in Fig.3. The fault energy will be absorbed by
the submodules’ capacitors and fault current will decrease to
zero. In the meanwhile, submodules in the vertical arm are in
the off state; Jcomp s zero.

, V.
’ bus Fault CPL

impedance

FIGURE 3. T-Breaker equivalent circuit in breaking operation mode.

A 1-kV, 500-A, 3-level half-bridge proof-of-concept
T-Breaker prototype was developed and system tests were
performed to verify the proposed operation of the T-
Breaker [19]. The specifications are listed in Table. 1.

TABLE 1. System & T-Breaker prototype specification.

Parameter Variable  Value

Dc bus voltage Ve 1kV
Nominal dc current Thom 500 A
Efficiency 99.58%
Number of levels N 3
Sub-module structure Half Bridge

Horizontal arm SM nominal voltage ~ Vsubnom 500V

The system level breaking tests are carried out to show
the fault current breaking triggered by two different criteria:
1) the current sensor + controller trigger set based on the 72t
characteristics; 2) the maximum allowable current set by the
gate drive overcurrent protection circuit. In this test, the cable
inductance (1.56 pH) is used as the fault loop inductance.
In Fig.4, the breaking test is carried out at 150-V dc bus,
and the system responded to the fault based on the current
sensor feedback when the fault current developed to 2.22 kA.
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FIGURE 6. SISO dc microgrid having the simplified T-Breaker model as a
series compensator.

In Fig.4, the test is carried out at 85-V dc bus. The first
submodule (SMp 1) on the left arm first detected the overcur-
rent condition at 4.24 kA before the whole system enters the
breaking mode.

Ill. T-BREAKER'S SERIES COMPENSATION
While the T-Breaker can be installed in any dc microgrid,
a dc microgrid subsection that has single-source single-load
(SISO) is considered as depicted in Fig.5 to simplify the
analysis and the experimental validation. While the switches
of the vertical arm are turned off (Icomp = 0), the voltage
compensation is achieved using right arm. Fig.6 is used to
present the simplified circuit.

Where left arm resistance Rj; and the line resistance Ry,
are combined together and represented as R; . Left arm induc-
tance Lj, and the line inductance L;;,, are combined together
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FIGURE 7. Control of the series (voltage) compensation.

and expressed as Ly . The resistance of the right arm is Rg.
The inductance of the right arm is Lg.

As illustrated in Fig.7, a simple P control is used to produce
compensation voltage (Veomp). Thus, Veopp is:

Veomp = Kp * [VepLirer) — verL] (D

To realize the state space representation of the system,
description of The system is:

R; + R (I1+Kp) Vibus
X1 =- x| — X7
L; + Lg L; + Lg Ly + Lg
. x1  PcpL
o )
C, Coxo

where line current i;, is represented by the state variable
x1 and vcpp, is represented the state variable x;. The input
voltage is Vs and Pcpy, is assumed constant. The CPL causes
the non-linearity observed in the term ’éi—i;.

The system in (2) needs to be linearized around its equilib-
rium point Xo (X9, X20) to examine its small signal stability.
Where (3) and (4) show the system after its being linearized.

When (4) is used, the system’s poles can be located.

1
anl o, [on] ) | ——
[sz] =Ax [sz} T Lot Le | [2U] 3
R +Rp (14K
Ly +Lg Ly +Lg
A= 1 Pcpr @
Co Co *XZZO

The system’s large signal stability can be estimated
using the region of attraction (ROA) technique. The ROA
can be calculated using Takagi-Sugeno (T-S) fuzzy model
method [22] which has the advantage of being mathemat-
ically valid even in a multi-source multi-load microgrid.
Before the disturbance develops, the system needs to be
formatted around its equilibrium point using the (T-S) fuzzy
model. The new description of the system is:

2o R +Rp)x1 (14 Kp)xz
! (LL +Lg) L; + Lg
1 1.
PR SR R 5
X2 Coxl Cngz Q)
where x = (x;, xp) andx = x — X,
=a Pcrr 1
[ —. (6)
X0 X2+ X20

Because there is only one CPL in this system, two linear
equations can be specified as X = Ars; X (i = 1, 2) based
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FIGURE 8. SISO dc microgrid having the simplified T-Breaker model as a
series-shunt compensator.

on (5). To depict the minimum and the maximum of f ,ALS.
matrices are utilized as:

_RL+Rp) 14K,
Arsi = (Le 1+ Lg) (liL ~+ Lg) )
[ RutR)  1+K,
Arsn = (L 1+ Lg) (liL~+ Lg) | 8)
R ']

With the Ay s ; matrices, system’s stability can be studied by
investigating the feasibility of the following Linear Matrix
Inequality (LMI):

P>0
AlgP+PAs; <0 for i=1,2 )

where P is a variable (P = PT) that is needed to satisfy (9).

IV. T-BREAKER’'S SERIES-SHUNT COMPENSATION
T-Breaker is used again in the same SISO dc microgrid as
illustrated in Fig.5. In this section, switches of the vertical
arm are not off anymore (Icomp # 0). Furthermore, the
voltage compensation is still achieved using the right arm.
The simplified new system circuit is depicted in Fig.8. The
contribution here is to make sure that the T-Breaker can real-
ize both compensation function at the same time. However,
in real life application it will depend on the state of charge
(SoC) of the energy storage units that are connected to each
arm. If all arms have high SoC, they can simultaneously com-
pensate. Else, the arms with low SoC will not be required to
contribute.

Compensation voltage (Vomp) is generated using the same
P control as presented in Fig.7. While the current to be
compensated follows the Smart Resistor control [11] which
ensures the smooth transition from the original operating
point to the new operating point as illustrated in Fig.9. Shunt
arm’s reference current is generated from the Smart Resistor
control part. The duty cycle (D) is then generated by the
compensation circuit control part to trace the shunt arm’s
current. When the circuit is exposed to any disruption, such
as a change in source voltage/load power, Vcpp or Ip will
change I.omp as illustrated in (10). The system attempts to
maintain system stability by adhering to the relationship
defined by the Smart Resistor control. Thus, the two cru-
cial gains (Rsg and k,) which can impact the operation and
overall stability are included in the control algorithm. Where
the Smart Resistor’s slope is controlled by the Rgg gain.
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While the tracking speed of Icmp is controlled using the k,
gain. Hence, to achieve a resistive total impedance formed by
the T-Breaker and the CPL, the reference for the the verti-
cal arm’s compensating current I¢y,p can be produced. The
introduction of Ig .q; Vcpi,eq terms is to guarantee that when
the system is at equilibrium /¢, = 0. Since the control relies
on traditional state machines and PI controllers to realize the
Smart Resistor control, the computational efforts aren’t high.
As highlighted in [14], the SR is essentially an outer loop
controller for the system.
Hence Veomp and Icomp can be defined as:

Veomp = Kpy * [chl(ref) - chl] and

leomp = Kol (“PEZ YLy |1y~ (10)
Rsr
where K),, represent the PI controller for gain for the series
compensation while K, and Rsg are the parameters that will
define the Smart Resistor’s /¢, response. Increasing K, and
reducing Rgg will result in higher bandwidth requirements
and more energy consumption [11]. The new system can be
described as:

. M J LiK, Pcrr | Vius
X=——x] — —xp+ —————
N N N % CoRsp x2 N
P
P X1 PcrL (11
C, Coxp
where:
N = LL(l — Kp) +LR
M = Ry(1 — Kp) + Re + 5P
=R.(1—-Kp R
CoRsr

RLK,
J=(+Kp)+ :
Rsg

State variables follow the previous definition, where line
current iz, is represented by the state variable x1 and vcpy is
represented the state variable x3. Vp,; is the input and Pcpy, is
assumed constant.

The equilibrium point Xy, (X109, X20) is used in the lin-
earization of the system in (11) around it and small signal
stability of the system can then be investigated. (12) and (13)
below represent the system after its being linearized around
its equilibrium point. Utilizing (13), the system’s poles loca-
tions can be found.

Axq
AXx)
A 1
= ASerShu * [Ai;:| + |:LL-(‘1)-LR:| * [AU] (12)
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TABLE 2. System parameters.

Parameter Variable Value
Voltage of the dc bus Vius 400 V
CPL power PcprL 50 kW
Line resistance Riine 100 m$2
Line inductance Liine 100 uH
Horizontal arm resistance of the T-Breaker Ry 1 mS2 each
Horizontal arm inductance of the T-Breaker Ly 2 puH each
Submodule capacitance Cy 65 uF
CPL bus capacitance Co 0.25 mF
ASerShu
M 1 (14K, + R Kp LK, Pcpr
| N N " R CoRsk X3
| L Pcpr
2
C() Co * XZO

13)

Similar to the previous section, ROA technique is utilized
to investigate the system’s large signal stability where the
(T-S) fuzzy model is realized and the system is described as:

. M. (J+Mf).
X)=—X ———%
N N
b= L F 4 (14)
Xy = c, 1 C. X2
where x = (x1, xp) and x = x — X,, and
- P 1
féﬂ~—' (15)
X0 X2 + X0

Because there is still only one CPL in this system, two linear
equations can be specified as X = Agershu—rs.i X (i = 1,2)
based on (5). To depict the minimum and the maximum of f ,
Asershu—Ls.i matrices are utilized as:

Y L M)
ASerShu—LS,1 = 1N N 1. (16)

' C_Ofmin

Y L M
ASerShu—LS,2 = IN N 1. (17)

C C_Ofmax

and the same analysis steps are carried out again.

V. CASE STUDY

A typical motor drive load [10] operating in a constant power
mode in a distribution dc network is taken into consideration
to examine the small signal stability and the large signal
stability of a simplified (SISO) dc microgrid structure. The
influence of both compensation functions on the stability of
that system is examined. The chosen system’s parameters are
shown in Table 2.
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A. SERIES COMPENSATION

The vicinity of the system’s equilibrium point Xy is used
to analyze the small signal stability. When examining the
system’s poles location, the small signal stability is revealed
in Fig.10. Utilizing a small load side capacitor C, = 0.25 mF
leads to an unstable system due to the fact that the poles are
located in the right hand side of the plane. The influence of
the C, capacitor’s size on the stability is shown in the same
figure,too. The system became stable and the stability can
be improved further by having larger capacitance. Though
this is a simple approach that enhanced the system’s stability,
the system’s size and weight will increase which is often
undesired. On the other hand, the impact of utilizing the series
compensation function on improving the system’s stability is
depicted in Fig.11. it can be observed that when keeping the
same CPL capacitance C, at 0.25 mF (K, = 2), T-Breaker’s
series (voltage) compensation ensured system’s stability.
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FIGURE 10. Effect of C, on the small signal stability.
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FIGURE 11. Effect of compensation on the small signal stability.

Large signal stability of the system is also examined to
observe the influence of the series compensation. To estimate
the system’s ROA, Matrices (7), (8) are utilized. Fig.12 shows
that utilizing C, = 0.25 mF without compensation revealed
a system with no ROA (unstable). However, the ROA started
to exist and kept increasing as the CPL capacitance increases.
Contrarily, system with compensation displays a ROA when
the initial 0.25-mF Co is maintained as illustrated in Fig.13
(K, = 1, Rsg = 0.1 p.u.). Fig.14 illustrates the large
signal analysis in Simulink when using the switching model.
It can be seen that under a 10 % source voltage sag, the
compensation is able to stabilize the system (K, = 1).
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FIGURE 14. Response of the simulated system with and without the
series compensation to a 10 % source voltage sag.

B. SERIES-SHUNT COMPENSATION

When both compensations are enabled, vertical arm’s current
and horizontal arm’s voltage are injectd during a bus votage
sag. The system’s small signal stability is investigated around
its equilibrium point Xp. system’s small signal stability with-
out compensation and under the influence of the load side
capacitance is similar to what is shown in Fig.10. Fig.15
depicts how the compensation improved the stability. It shows
that the series-shunt compensation has pushed the poles that
are in the left side of the imaginary axis further, hence, the
system is more stable. The series-shunt compensation of the

VOLUME 11, 2023
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Rsgp = 0.1 p.u.).

Bus Voltage (V, )

bus

0.15 0.16 0.17 0.18 0.19
Line Current (IL)

2150 ALY
e 015 0.16 017 0.18 0.19 0.2
CPL Voltage (VCPL)
_ 400F |
2 ol
2
- 015 0.6 017 0.18 0.19 0.2
CPL Current (ICPL)
160 : . ;
< 144
120! |
015 0.16 017 018 0.19 0.2
Comp Voltage
50
=
=0
015 0.16 017 018 0.19 0.2
Comp Current (I )
“ comp
z 01 /\ 1
015 0.16 017 0.18 0.19 0.2
Time(sec)

FIGURE 17. Response of the simulated system with and without the
series-shunt compensation to a 10 % source voltage sag.

T-Breaker allowed the system to become stable while the CPL
capacitance C, is kept at 0.25 mF' (K, = 2).

Large signal stability of the system with and without the
series-shunt compensation are assessed. To approximate the
system’s ROA, matrices (7), (8) are utilized. Fig.16 has no
red circle to present the ROA which indicate the unstability of
the uncompensated system at C, = 0.25 mF'. Contrarily, the
black circle representing the ROA of the compensated system
confirms the stability of the compensated system while main-
taining the same C,. Similarly, Fig.17 illustrates the large
signal analysis in Simulink when using the switching model.
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TABLE 3. Scaled-down system parameters.

Parameter Variable  Value
Voltage of the dc bus Vius 270V
CPL power Pcpr 5kW
Line resistance Riine 10mQ
Line inductance Liine 65 pH
Horizontal arm resistance of the T-Breaker Ry, 1mQ
Horizontal arm inductance of the T-Breaker Ly 2 uH
Submodule capacitance Cy 65 uF
CPL capacitance Co 220 uF
Submodules’ switching frequency Sfow 40 kHz
Vr
1
L
L R L Rg !
s19q  [s2 h‘.
— ]R
+ Lm — 4
V_bus el ¢ =1 Vm CoT Vol |cpL

FIGURE 18. Scaled-down hardware test circuit.

It can be seen that under a 10 % source voltage sag, the
compensation is able to stabilize the system (K, = 1). The
shunt (current) compensation operated only in the beginning
to ensure the smooth transition after the disturbance occurred,
and once the right arm’s voltage injection brought the CPL
voltage back to its original value the current went back to
zero. Hence, having both compensation functioning together
brought the advantage of stabilizing the system and bringing
the CPL voltage back to its operating point. In real life
application, the standardized grid sag should not last more
than 40 ms which helps when it comes to designing the energy
storage. Here, the purpose is to verify the functionality of this
new concept while the energy storage requirements should
be determined by each application (microgrid’s voltage and
current levels).

VI. EXPERIMENTAL VERIFICATION

To verify and validate the influence of the presented com-
pensation features on the stability, a scaled down system of
a dc microgrid is built while integrating the T-Breaker in it.
Fig.18 shows the circuit model of the scaled down system
that is built in the lab. Test setup’s parameters are shown in
Table 3. To maintain Vj,,, a dc power supply is utilized to
emulate an active rectifier that has a constant output voltage.
To emulate a CPL, an electronic load is utilized.

Test setup is shown in Fig.19. While the system is nor-
mally operating at 270 V and supplying a 5 kW CPL,
a (20%) bus voltage drop is introduced. The experiment
was conducted twice, once without the compensation and
once with the series compensation. Fig.20 has the following
waveforms: Vs, I, Vepr, Icpr and the compensation volt-
age Vyys.z) to show the system’s uncompensated response.
Fig.21 depicts the same waveforms of such system when the
series compensation was enabled to maintain the CPL voltage
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FIGURE 20. Measured uncompensated system response to a 20 % bus
voltage sag.
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FIGURE 21. Measured system response to a 20 % bus voltage sag using

series compensation (Kp = 1).

at 270 V. It is noticed that the T-Breaker’s horizontal arm
was able to inject the needed voltage to help maintaining
the load voltage. The stability of the system improved by
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FIGURE 22. Measured system response to a 20 % bus voltage sag using
series-shunt compensation together (Kpy = 1, Kp = 0.25, Rgp = 2.

the compensation where the line current oscillations reduced
by 30%. The other experimental result shown in Fig.22
illustrate the impact of using both series and shunt compen-
sation on improving the stability. In this case, the T-Breaker’s
horizontal arm helped maintaining the CPL voltage while
the vertical arm helped with injecting the current needed to
achieve the Smart Resistor function when the bus voltage
started to drop. As a result, with both compensations the
system has seen a 30% reduction in the voltage oscillation.
Furthermore, the stress on the source to supply more current
was avoided -which negatively affects the stability- by using
the vertical arm’s current injection.

From the Experimental results provided in this section,
the impact of using the series compensation alone and when
using series-shunt at the same time is observed and can be
compared. Utilizing series compensation alone amended the
response of the system by maintaining the CPL voltage after
the sag occurred. CPL voltage oscillations (pk-pk) reduced
by 30% and settling time was 60 ms. When utilizing the
series-shunt compensation the system showed similar CPL
voltage oscillations improvement. However, the settling time
has improved significantly and it’s only 30 ms (50% reduc-
tion). Dc microgrid stability has improved when utilizing the
compensation functions of the T-Breaker.

VII. CONCLUSION

While the T-Breaker has shown the capability to protect
the grid, its capability to achieve both series (voltage) and
shunt (current) compensation functions together is achieved
here. The T-Breaker’s horizontal arms when integrated with
energy storage can achieve series compensation. While its
vertical arm can achieve the shunt compensation utilizing
its integrated energy storage. Small signal stability and large
signal stability are evaluated to show the stability improvment
of a microgrid when utilizing the T-Breaker’s compensation.
A down-scaled experimental system (270 V, 5 kW) is built
and tested. The bus voltage is exposed to a 20% sag and the
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system response with and without the compensations after
the incident are presented. When series-shunt compensation
utilized, 30% reduction in line current oscillation and CPL
voltage maintenance are realized and settling time is reduced
by 50% compared to series compensation alone. As a result,
T-Breaker achieving the compensation functions in addition
to its breaking function qualifies it to be an all-in-one device
that can improve dc networks’ power quality. Future work
will focus on improving the response of series compensation
in dc grids which suffers from oscillation due to the direct
injection of voltage in the line. New submodule topologies
for the horizontal arms of the T-Breaker will be investigated
in order to enhance the response.
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