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ABSTRACT A Fixed-Switching-Frequency Model Predictive Control (FSF-MPC) for Master-Slave invert-
ers in microgrids is proposed in this paper. The Master is a three-phase, two-level inverter with an LC
filter, while the Slave is a three-phase, two-level inverter with an LCL filter. The inverters are connected
in parallel in a microgrid, composed of different loads. The voltage and current inner control loops of
the Master-Slave FSF-MPC are presented for both inverters. Then, two modes of operation are proposed:
grid-connected and islanded, and the primary control for both cases is developed. Finally, Hardware-in-the-
Loop (HIL) results are presented for different operational conditions of the microgrid with load-related
disturbances. The HIL results validate the good performance of the proposed Master-Slave FSF-MPC,
including fast dynamic response, multi-objective control, and fixed switching frequency.
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I. INTRODUCTION

Microgrids are systems comprised of distributed generation
units with power electronics converters, lines, loads, relays,
and communication systems. Hierarchical control is often
used for microgrids, implemented as multi-loop cascaded
linear controllers and modulators, such as centralized or
distributed control, average load sharing, Master-Slave, and
Droop [1]], [2]]. Specifically regarding Master-Slave, in [3], a
robust controller was proposed using nested linear quadratic
regulators and mixed Hs/H,, optimal control. A linear
controller with cooperative load sharing was presented in
[4] for multiple Master-Slave microgrids. A decentralized
control was presented in [5]]. Master-Slave strategies with
Neural Networks were proposed in [6], [[7]]. Although these
approaches are widely used, they present some disadvan-
tages, such as inherent slow dynamic responses, difficulties
to implement multi-objective control [|1], and complex tuning
procedures and/or large amounts of data for tuning.

An alternative for linear controllers for microgrids is the
Finite-Control-Set MPC (FCS-MPC), where the discrete-
time model of the system and its inputs are used to predict its
future states [1]], [2l], [8]], [9]. A cost function is defined and
calculated for all system inputs at each sampling instant k.
The input with the minimum value of its cost function is se-
lected and implemented by the inverter during the switching
period T5. The cost function is designed to include multiple
control objectives and non-linearities, accounting for system

constraints and achieving faster dynamic responses compared
to linear controllers [2]. As a result, FCS-MPCs can be
used for microgrid applications, covering primary [10]-[12],
secondary [13] and tertiary control [14]], [[15].

However, FCS-MPC presents some disadvantages, such
as widespread harmonics and variable switching frequency.
To overcome this, MPCs with fixed switching frequency
(FSF-MPC) were proposed. In [16]], a FSF-MPC for a five-
level active neutral-point clamped (5L-ANPC) converter was
presented, which reduces the computational burden when
compared to FCS-MPC. The Space Vector Modulated MPC
(SVMZ2PC) was presented in [17]], combining control and
modulation in a convex optimization problem with fast
dynamic response and low computational burden. In [18]],
a Modulated MPC (MMPC) was presented. The duty cycles
of the voltage vectors are calculated with the MMPC and
applied to a PWM modulator, resulting in constant switching
frequency. A modified version based on optimized over-
modulation was presented in [19]. A two-vector Model-Free
MPC was introduced in [20] for two-level three-phase in-
verters. A sequential MMPC was presented for single-phase
grid-tied PV systems [21]], [22[], where the sequential evalu-
ation of different control objectives eliminates the weighting
factors. Even though various papers proposed FSF-MPCs,
they have not been extensively used in microgrids.

In this context, this paper proposes an FSF-MPC for
Master-Slave inverters in microgrids that is an extension
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FIGURE 1. Microgrid considered as an example for the proposed Master-Slave FSF-MPC.

of [23]. In this work, the Master is a two-level three-phase
inverter with LC filter, while the Slave is a two-level three-
phase inverter with LCL filter. Two different operational
modes are proposed for the microgrid: grid-connected and
islanded. In grid-connected mode, both the Master and Slave
are grid-following inverters. During islanded operation, the
Master operates as a grid-forming inverter, while the Slave
remains a grid-following inverter. The primary control for
both cases is presented. The microgrid considered as an
example has linear and nonlinear loads, and the grid and
line impedances were included in the system. Advantages
of the proposed FSF-MPC include fast dynamic response,
multi-objective control, power sharing, and fixed switching
frequency. As a result, it is able to bring together the
main advantages of FCS-MPC and linear control. Finally,
Hardware-in-the-Loop (HIL) results are presented for dif-
ferent operational conditions of the microgrid. The main
contributions of the proposed Master-Slave FSE-MPC are:

e [t presents the main advantages of both FCS-MPC
(fast dynamic response and multi-objective control) and
linear modulators (fixed switching frequency);

e It can operate grid-connected and islanded;

e [t presents good performance under different load varia-
tions and unmodeled dynamics while performing power
sharing among the inverters in the microgrid.

The main improvements with respect to [23] are:

e An extended literature review is included;

o A more detailed description of the FSF-MPC for the
Master and Slave inverters is presented;

e The description of the primary control of the Master is
included for grid-connected and islanded modes;

e More HIL results are shown, including the analysis
of the operation of the proposed FSF-MPC and its
comparison to a FCS-MPC.

Il. MASTER-SLAVE FIXED SWITCHING FREQUENCY MPC
The system used as an example is presented in Fig[I] and the
control block diagram is shown in Fig]2] The microgrid of
Fig[T]is composed of two three-phase two-level inverters, one
with LC filter and the other with LCL filter (the Master and
Slave, respectively), a load, grid, and line impedance and a
three-phase switch to connect and disconnect the microgrid
to the main grid. Also, damping resistors are included in
series with the filter capacitors of both inverters.

A. Master Inverter

The main objective of the Master is to control the filter
capacitor voltages. The discrete-time models of the inverter-
side currents and capacitor voltages in «f coordinates are
(using the amplitude invariant Clark transformation):

] -2 )

L,
rd | B el o g N P

[Um(k + 2)} _ [vma(llz * P] .

vmp(k +2)] ~ [oms(k + 1) ,
ool | et S g P e

2

where 4,48 and 4,048 are, respectively, the inverter-side
and output currents, u,,,3 are the inverter voltages, vinas
are the filter capacitor voltages, T is the sampling period
and L,,, C,, and R are the filter components. Two modes
are proposed for the primary control of the Master: grid-
connected and islanded, with different control objectives.
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FIGURE 2. Block diagram for the proposed Master-Slave FSF-MPC.

1) Primary Control for Grid-Connected Operation

In this mode, the microgrid is connected to the grid, and the
voltages are imposed by the grid. The Master is controlled
as a grid-following inverter with a Synchronous-Reference-
Frame Phase-Locked-Loop (SRF-PLL) [24]. The Master
controls the voltages of the filter capacitors and the inverter-
side currents, allowing the control of the active and reactive
powers injected into the grid. The instantaneous power
theory is used, together with an open-loop PQ control [24].
As a result, the current references for the Master are:

- _ gvma( ) (k) + vimp (k)@ (k)
lmoa(k) - 3 (k)'i‘vmﬁ( ) (3)
" _QUm() m (k) — vma (k) Q7 (F)
e e MR R0 @

where P and @, are the active and reactive power ref-
erences, that can come from a microgrid central controller
(MGCC). However, these are the references for the grid-
side currents, and the inverter-side currents are controlled.
In order to obtain the inverter-side current references, the
reactive power of the LC filter is compensated as:

i

mao (k) (k) - 27Tme’Um,3(k) (5)
imp(K) = ip0p(K) + 27 fCrpvma (k) (6)

where f is the grid frequency that comes from the SRF-PLL.
Then, the references are extrapolated to (k + 1):

ma(k+1) =iy, (k)cos(wTy) — iy, 5(k)sin(wTs)  (7)
zmﬁ(k‘ +1) = ip,g(k)cos(wTs) + iy, (k)sin(wTs)  (8)

The voltage references for the Master can be defined as
the voltages measured at the Point of Common Coupling
(PCC), considered here as the point after the LC filter where
the inverter is connected to the grid. They are extrapolated
to (k + 2) using the same procedure of (7)-(8):

v o (k+2) = vpoog(k)cos(2wWTs) — v}ccﬁ(k)sin(QwTs)
(&)

Ump(k 4 2) = vpocp(k)cos(2wTs) + vpoca (k) sin(2wTy)
(10)

% e
= Ymoa
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The cost function includes voltage and current control:

- )‘1( maB(k + 2) - ijaﬁ(k + 2))2+
Ao (i0p(k 4 1) = imjap(k +1))> 4+ lim  (11)

where A; and ), are weighting factors, v ﬁ(k + 2)
and iy, ,5(k + 1) are vectors with the voltage and current
references, 7 = 0...7 are the inverter voltage vectors and
Vinjap(k + 2))? and i,jas(k + 1))? are, respectively, the
predicted capacitor voltages and inverter-side currents for
voltage vector j. The term lim limits the inverter-side
currents to protect the semiconductor devices. If the norm
of i, jqg is greater than the inverter maximum current, lim
assumes a large value, and zero otherwise [25]], [26].

For each T, Vijap(k + 2)) and ijap(k + 1)) are
predicted for all 8 inverter voltage vectors with (1)-(2) and
cost function (11) is calculated. A switching sequence is
defined offline for half the carrier period for each sector
of the inverter SV diagram (shown in Fig. [3), using two
non-null vectors and both redundancies of the null vector.
A triangular carrier is used, with sampling at the underflow
and period match. During the first half of T, the sequence
of Table [I] is implemented and, during the second half, the
mirrored sequence. The next step is the selection of the
sector and its switching sequence to be implemented. The
duty cycles for the three vectors in each sector are [16]:

Imbdme

Ima9me gmagmb
dg = dy = de = ————— 12
e b e e (12)
G= (gm,bgmc + Imadme + gm,a,gmb) (13)

where d, + dy, +d. = 1. The cost function of each sector is:

Ims = dagma + dbgmb + dcgmc (14)

where s = 1...6 are the sectors and a, b, ¢ are the three
vectors in each sector, organized in the switching sequence
of Table [T} Finally, the sector with the lowest value of
cost function g,,s is selected, and its switching sequence
is implemented. This is depicted in the upper part of Fig[2]
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FIGURE 3. Normalized SV diagram of a three-phase two-level inverter.

TABLE 1. Switching sequences for each sector of the SV diagram.

Sector  Switching Sequence

a b c a
S1 vO vl yv2 7
S2 vO v3 v2 yT7
S3 vO v3 v4 7
S4 vO vB v4 7
S5 vO vB v6 7
S6 vO vl y6 7

TABLE 2. System parameters for the case studies.

Parameter Value
DC-link voltage 800V

Rated power (Master and Slave) 100k VA
Maximum peak current (Master and Slave) 250A

LCL filter (Slave) 500uH; 100pF; 50puH

LC filter (Master) 500uH; 300uF

R (Master and Slave) 1.2Q
Damping resistor (Master) 0.1
Damping resistor (Slave) 1.0Q2

Grid impedance Zg =2.1uH, 0.012

Line impedance Z; = 20pH, 0.01Q2

Grid voltage (line-to-neutral) 220Vrms; 50Hz

Sampling and switching frequencies fs and f. 20kHz and 10kHz

2) Primary Control for Islanded Operation

The Master operates as a grid-forming inverter, generating
the microgrid voltages. It also provides half the load power,
performing power-sharing with the Slave. To do so, an
outer Droop control is implemented. When the inner loops
of the grid-forming inverter are implemented with MPC,
a faster transient response is obtained when compared to
linear controllers [25]], [26]. Considering a resistive virtual

impedance, the Droop law is:

(16)

'U*(k) = Unom —
w* (k) = Wnom =+ kq(an - Q'nL(k))

where v* is the amplitude voltage reference, v,,on, is the
desired microgrid voltage, w* is the reference frequency,

Wnom 18 the desired microgrid frequency, k, and k, are the
Droop coefficients, and P,, and @, are the instantaneous
active and reactive powers of the Master, calculated as:

Pm(k) = Uma(k)imoa(k) + UMﬂ(kﬁmOB(kj) (17)
Qm (k) = vima (k) imoa (k) — Vma (k)imos (k) (18)

No filters are used to calculate P,, and Q. [25], [26].
The voltage references for the Master are defined as:

Uma (k) = v (k)cos(wTs) = Ryimoa(k)  (19)
Vmp(k) = v* (k)sin(wTs) — Ryimop(k) (20)

where R, is the virtual resistance. The voltage references are
extrapolated to (k+2) as in (9)-(10). The procedure to obtain
the current references is the same as in (3)-(8), but now the
active and reactive power references are half the active and
reactive load powers. The cost function is the same as in
(11), and the FSF-MPC is implemented as in (12)-(14).

B. Slave Inverter

For the Slave inverter, the FSF-MPC procedure is the same
as for the Master. However, the Slave operates as a grid-
following inverter in both modes. A SRF-PLL is used to
synchronize the Slave to the grid in grid-connected mode
and to the Master when islanded. Its main objective is to
control the currents injected into the load/grid. The inverter-
side currents in o3 coordinates are:

] o=k ) ]+

T (1 0| [usa(k)|  Ts |1 0| [vsa(k) @1
Ls 01 ub@(k) Ls 0 1 Usﬂ(k)
where 4,5 are the inverter-side currents, us,g are the
inverter PWM voltages, v,z are the filter capacitor voltages
and L, and R are the filter components.

For the Slave, the current references in a3 coordinates are
also calculated from the instantaneous PQ theory as:

_ 20sa(R)PS(F) + vap(R) Q5 (K)

R S RORETRDY e
x _ 2 vsg (k) P5 (k) — vsa (k) Q5 (k)
s = T R e h) 9

When in grid-connected mode, P} and Q)% can come from
an MGCC; when islanded, they are set as half the active
and reactive load powers so that the inverters can perform
power sharing. As for the Master, i3, (k) and i,5(k) are
the grid-side current references, but the inverter-side currents
are controlled. The voltages of the LCL filter capacitors are
considered disturbances. The inverter-side current references
are obtained from (22)-(23) by compensating the reactive

power of the LCL filter capacitors:
Tag (k) =1%o (k) — 21 fCyvsp(k)

S« sox

Z:B(k) = i:oﬁ(k) + QWszvsa(k)

(24)
(25)
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where f is the grid frequency and Cj is the filter capacitance.
Then, the references are extrapolated to (k+1):

i (k+ 1) =14, (k)cos(wTs) — i:B (k)sin(wTs)  (26)
isg(k +1) = igg(k)cos(wTs) + iy, (k)sin(wTs)  (27)

For the Slave, the cost function can be defined as the differ-
ence between the inverter-side current references i, (k+1)
and the predicted currents:

gsj = (ap(k + 1) —igap(k +1))* +lim  (28)

where j = 0...7 are the voltage vectors and igjas(k + 1)
are the predicted inverter-side currents for vector j. For
each Ty, the inverter-side currents are predicted for all 8
inverter voltage vectors with (21), and the cost function (28)
is calculated. The same switching sequences of Table [I] are
used. Then, a sector and its respective switching sequence
are selected. Again, the duty cycles are [16]:

d = 9sbYGsc

Ysad YsaFsb
L= G dy = saYsc d, = sals

G G 29)

moc

Amplitude (%)
S = N W A B

30
Harmonic order

0 10 20 40 50

Slave

IEEE-1547

Amplitude (%)
IS CRRTCIN VNN

0 10 20 30

Harmonic order

40 50

FIGURE 6. Individual current harmonic components and limits imposed
by standard IEEE-1547 for grid-connected mode.

G= (gsbgsc + 9sagsc + gsagsb) (30)

where d, + dp +d. = 1. The cost function of each sector is:

9ss = dagsa + dbgsb + dcgsc (31)

where s = 1...6 are the sectors of the SV diagram and a, b, ¢
represent the three vectors in each sector shown in Table [T}
Finally, the sector with the lowest cost function is selected,
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and its switching sequence is implemented over the next 7.
This is depicted in the lower part of Fig[2]

lll. CASE STUDIES

To demonstrate the performance of the proposed Master-
Slave FSF-MPC, the microgrid of Fig[T| was implemented in
a Typhoon HIL 604 Hardware-in-the-Loop (HIL). The sys-
tem parameters are shown in Table 2] The control algorithms
were implemented in the ARM processing core of Typhoon
HIL, and the implementation delay of the processor was con-
sidered. Consequently, the cost functions are calculated for
the predicted currents at k+2 and predicted voltages at k+3.
The system disturbances are also estimated accordingly: the
grid voltages for k+3, the Master grid-side currents for k+2,
and the Slave capacitor voltages for k + 2. The weighting
factors for cost function (11) were heuristically defined. For
grid-connected mode, we have A\; = 400 and A\ = 800, and,
for islanded mode, A\; = 1000 and Ao = 400.

Initially, the microgrid is connected to the grid. The Master
and Slave are grid-following inverters, injecting 100kW
and OVar into the grid. The results are presented in Fig[]
which shows the Master capacitor voltages, the Master and
Slave grid-side currents, and the active and reactive powers
and their references (equal for both inverters). Then, the
microgrid is islanded. The Master now is a grid-forming
inverter, providing the microgrid voltages and half the total
load power. The Slave is a grid-following inverter that
also provides half the total load power. A balanced RL
load (R; = 1.03Q2 and I; = 3.33mH) is connected to
the microgrid. Then, it changes to an unbalanced RL load
(R; = 1.032 and L; = 3.33mH for phase a, R; = 4() and
L; = 10mH for phase b and R; = 1.5Q and L; = 5mH
for phase c¢), and to a non-linear load comprised of a three-

phase diode rectifier with input L filter of ImH and an RL
load (R = 52, and L. = 5mH). Finally, the microgrid is
reconnected to the grid.

In Fig[4] the fast transition from grid-connected to islanded
mode is seen. Similar behavior happens in islanded mode
during load variations and when the microgrid is reconnected
to the grid. The response times were measured from the
instant when the change is applied to the time when the
active and reactive powers reach the new steady-state: i)
Grid-connected to islanded: 17.9ms; ii) First load change:
2.92ms; iii) Second load change: 5.37ms, iv) Islanded to
grid-connected: 2.10ms. The output active and reactive pow-
ers of both inverters follow the references for both modes
and all load conditions. In islanded mode, the Master can
provide proper voltages to the microgrid. In addition, in the
formulation of the FSF-MPC shown in Section II, the load
is an unknown parameter for both inverters. Consequently,
Fig ] shows the good performance of the proposed FSF-MPC
for different load variations and unmodeled dynamics.

The fixed switching frequency is validated by the spectra
of the inverter output line-to-line voltages, measured before
the filters. Fig[5] shows the FFTs of the output line-to-line
voltages v,;, of the Master and Slave. The first significant
harmonics appear at 10kHz. The voltage THD is 73.21%
for the Master and 88.93% for the Slave. The THDs of
the voltages of the Master capacitors and the grid-side
currents of both inverters are shown in Tables [] and [3]
for, respectively, grid-connected and islanded mode with
balanced RL load. The individual current harmonics are
plotted in Figs. [6]and[7]} and compared to the limits of IEEE-
1547 [27]]. It is seen that the harmonics are within the limits
imposed by IEEE-1547. For islanded mode, there are slightly
more distortions in the Master currents, which can be seen
in the harmonic components and the THDs; the Slave has
similar THDs for both modes, and the THD of the Master
voltages are slightly higher for islanded mode.

TABLE 3. THD of the grid-side currents and filter voltages for grid-

connected mode and islanded mode with balanced RL load.

Grid-connected  Master voltage  Master current  Slave current

phase a 0.27% 1.62% 1.90%
phase b 0.27% 1.62% 1.72%
phase ¢ 0.27% 1.51% 1.77%
Islanded Master voltage  Master current  Slave current
phase a 1.00% 1.78% 1.65%
phase b 0.99% 1.84% 1.72%
phase ¢ 0.95% 1.75% 1.62%

Then, the parameters of the filters were decreased 50%,
resulting in values of the LC filter as R = 0.006f2, L =
250pH and C' = 150uF, and of the LCL filter are R =
0.00612, Ly = 250pH, Ly = 25puH and C' = 50uF. The
results are shown in Fig[9] As the filter parameters are lower,
there is a larger ripple on the active and reactive powers and
the grid-side currents, as well as larger steady-state tracking
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FIGURE 8. Results for the proposed Master-Slave FSF-MPC with higher filter parameters.
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FIGURE 9. Results for the proposed Master-Slave FSF-MPC with lower filter parameters.

errors. This is more accentuated resonances of the filter and
grid impedances. In islanded mode, there is again a drop in
the voltages and more distortions when compared to nominal
operation. These can now be attributed to the lower filter
capacitance, which is not able to hold the microgrid voltage

properly.
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The higher steady-state tracking error for both parame-
ter mismatches happens due to the variations in the filter
capacitance, which is used to calculate the inverter-side
current references. However, the system remains stable even
with high parameter mismatches. It is difficult to prove the
stability of systems with MPC in a closed form, and stability
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FIGURE 10. Results for the Master-Slave FCS-MPC of [28].

TABLE 4. THD of the grid-side currents and filter voltages for grid-
connected mode.

Master voltage Master current Slave current

phase a 0.27% 1.62% 1.90%
phase b 0.27% 1.62% 1.72%
phase ¢ 0.27% 1.51% 1.77%

TABLE 5. THD of the grid-side currents and filter voltages for islanded
mode with balanced RL load.

Master voltage  Master current Slave current

phase a 1.00% 1.78% 1.65%

phase b 0.99% 1.84% 1.72%

phase ¢ 0.95% 1.75% 1.62%

300 }
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FIGURE 11. Zoom in the FFT of the output line-to-line voltages v,; of the
Master and Slave inverters for the Master-Slave FCS-MPC of [28].

assessment of MPC is still an open area of research. Usually,
stability assessment of MPC is done empirically [29], [30],
as it is done in this work. It can be stated that the proposed
FSF-MPC is stable for the system considered in this analysis.

-1.76 -1.74 1 -1.72 =17 -1368 -1.66 -1.64

Islanded Islanded Grid-connected
(Unbalanced (Nonlinear load)
RL load)

Let us now compare the Master-Slave FSF-MPC with
the Master-Slave FCS-MPC of [28]]. The same case studies
were applied to the FCS-MPC, also considering the same
parameters of Table 2} These results are shown in Fig[I0}
As the FCS-MPC implements only one voltage vector per
T, the output currents of the Master and Slave have very
large ripples, which also appear at the active and reactive
powers. Also, the FCS-MPC results in variable switching
frequency and widespread harmonic content. The variable
switching frequency is seen in Fig[TT} which shows the FFTs
of the output line-to-line voltages v,; of the Master and
Slave. For the Master, the equivalent switching frequency is
around 8kHz, while for the Slave, it is around 10kHz. The
voltage THDs are 91.07% for the Master and 102.79% for
the Slave. The average THD of the output currents is 7.99%
for the Master and 8.41% for the Slave. It can be observed
that the FCS-MPC has higher values of THD for voltages
and currents for the same system parameters. Consequently,
the results presented in this paper demonstrate the good
performance of the proposed Master-Slave FSF-MPC for
microgrids.

IV. CONCLUSIONS

This paper proposed a Fixed-Switching-Frequency Model
Predictive Control (FSF-MPC) for Master-Slave inverters in
microgrids. To validate the proposed FSF-MPC, Hardware-
in-the-Loop results using a Typhoon HIL 604 were presented
for different operational conditions, including grid-connected
and islanded modes. The results presented demonstrate the
good performance of the proposed Master-Slave FSF-MPC,

8 Eletronica de Poténcia, Rio de Janeiro, v. 29, e202430, 2024.
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including fast dynamic response, robustness against load
variations, parameter mismatches and unmodeled dynamics,
and fixed switching frequency.
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