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Abstract—Noise can have a negative impact on the performance
of dc—dc converters with continuous control set model predictive
control (CCS-MPC). This issue is commonly encountered, making
it difficult to effectively apply CCS-MPC in dc-dc converters. In
this letter, we present a noise tolerance method for dc—dc converters
with CCS-MPC that utilizes a virtual capacitor. This method offers
a simple and effective solution to address the aforementioned prob-
lem while enhancing system robustness. To illustrate, we examine
the noise generation mechanism and establish a predictive model
using a dual-active-bridge converter as an example. Subsequently,
we delve into the influence of noise on MPC and propose a noise
tolerance method centered around the virtual capacitor. Impor-
tantly, this method does not incur additional costs, computational
burden, or voltage/current ripples in the system, while preserving
the inherent dynamic performance of MPC. Finally, we validate the
effectiveness of the proposed method through experimental results
using the TMS320F28377D as the core controller.

Index Terms—Continuous control set model predictive
control (CCS-MPC), dc—dc converters, dual-active-bridge (DAB)
converters, noise tolerance, virtual capacitors.

I. INTRODUCTION

ODEL predictive control (MPC) serves as an efficient
M control technique capable of accommodating multiple
constraints. Compared with finite control set (FCS)-MPC, con-
tinuous control set (CCS)-MPC has the advantages of the con-
tinuous control quantity, flexible control quantity selection and
fixed switching frequency, which is generally adopted to the
dc—dc converters modulated by duty cycle and phase shift, such
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as buck converters and dual-active-bridge (DAB) converters [1],
(21, [3], [4].

The performance of converters is primarily affected by var-
ious types of noise, including switching noise, measurement
noise, and quantization noise (also known as quantization er-
ror) [5]. In a previous study [2], CCS-MPC was utilized for
power decoupling in a triple-active-bridge converter. However,
due to the presence of noise, the resulting phase-shift angle
exhibited significant and persistent fluctuations, resulting in
substantial output voltage ripple and poor control performance.
While high-precision measurement sensors and high-resolution
analog-to-digital converter (ADC) modules can reduce measure-
ment noise, they come at the cost of increased expenses, and
other forms of noise still persist. Another proposed approach,
as outlined in [6], involves employing an LC low-pass filter to
minimize output voltage ripple, which is suitable for CCS-MPC
but slows down the dynamic response speed. In addition, digital
filters can present a practical solution, but they also have a
negative impact on dynamic response, leading to low-frequency
oscillations in the output waveform [7]. Han et al. [8] tackled
the issue of sampling noise in MPC by estimating state vari-
ables using a Kalman filter at the sampling moment, but this
method imposes a higher computational burden. Notably, Xiao
et al. [9] introduced a moving-discretized-control-set model-
predictive-control. However, this approach involves a tradeoff
between dynamic performance and noise tolerance. In summary,
no existing method in CCS-MPC can simultaneously balance
noise tolerance, dynamic performance, cost, and computational
burden.

In order to combat the negative impact of noise interfer-
ence on MPC control performance, a practical control strat-
egy centered around the virtual capacitor is presented in this
communication. The focus lies on addressing the decline in
performance observed in the DAB converters. By analyzing
the influence of noise on CCS-MPC, an understanding of its
mechanism is gained. Subsequently, a detailed noise tolerance
strategy is introduced. Notably, this method stands out for its
simplicity and effectiveness, making it applicable not just to
DAB converters, but also to converters employing phase-shift
and duty cycle control within CCS-MPC. Lastly, the efficacy
of the proposed approach is confirmed through experimental
validation.
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Fig. 1. Digital control diagram of the dc—dc converters.
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Topology of a DAB converter.

Fig. 2.

II. NOISE ANALYSIS OF MPC
A. Generation Sources of Noise

The digital control diagram of the dc—dc converters is depicted
in Fig. 1. Influenced by the sensor’s accuracy and the condition-
ing circuit, the measurement accuracy of the sensor is limited, at
the same time, the analog component in the conditioning circuit
is extremely sensitive to the change in ambient temperature and
humidity. Therefore, the measurement noise will be introduced
in the measurement process [5]. When conditioning the voltage
Uapc for analog-to-digital conversion, the limited resolution of
the ADC results in quantization noise [10]. This noise occurs
as the continuous electrical analog quantity is converted into a
discrete digital quantity. In addition, thermal noise is inevitable
due to the thermal movement of electrons in conductors. It
is a natural phenomenon present in all electronic devices and
transmission media. Finally, the measured output voltage U, e
obtained by the feedback calculation can be described as

{Uorpe - o_re + AEOise (1)
Ao = A+ AT+ AL

where U, .. is the actual output voltage, A¢ is the quantization
noise, A is the measurement noise, and Az is the thermal noise.
The above noise, collectively called ADC noise Agiosc, arises
out of the ADC sampling and transmission process. Assume that
the ADC noise is uncorrelated between any two moments, and it
can be considered as Gaussian white noise [11], [12]. According
to the 3o rule of statistics, 99.73% of the noise amplitude will
be distributed within +30.

B. MPC for the DAB Converter

The topology of a DAB converter is depicted in Fig. 2. To
simplify the explanation, we will focus on the DAB converters
with single phase-shift modulation. The predicted value of the
output voltage can be expressed as [1]

2£°LCy

1o(k)
fsCZ

The control objective is to adjust the output voltage to the
reference value UM precisely, and the cost function can be

Uo(k+1)=U,(k) + D(1—-1|DJ|) - 2)
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constructed as
J = (Uu(k + 1) — U2, 3)

By applying CCS-MPC to minimize (3), the analytical solution
can be obtained easily.

C. Mechanism of ADC Noise Effects on MPC

In this letter, we use AL°¢, An°S¢ and A€ to represent
the noise disturbance of the input voltage, the output voltage
and the current values, respectively. Introducing the disturbance
caused by ADC noise to the previously established prediction
model, the output voltage prediction model shown in (2) can be
transformed to

Uo(k+1) = U ve(k) + Aggise
n (Ui_re(k) + ALCSC)
21,2 LCy
Io_re(k) + A;}:ise
fsCQ

Based on the current working conditions, it can be observed
that the values of Ano‘se A“Olbe and the voltage ripple Au,, are
significantly smaller ‘than AHO‘SC As a result, the contributions
of A“Olse and Anmse can be considered negligible, the specific
reasons will be discussed in Section IT[-A. Moreover, assume the
sampling value of input voltage and output current as constant
values U; and 1.

To characterize the capability of D to regulate the output
voltage, (4) can be further transformed to

D(1—|DJ)

“)

Uad(k) = Uo(k + ].) — (Uo_rc(k) + Aggise)
TLUi I
= 5727, D
YT 7o o )

where U,q represents the voltage difference between two ad-
jacent cycles in a particular D. Reconstructing the phase-shift
angle function as Dy, = D(1 — D), it is easy to see that Dy, is
monotonically increasing with D being located at (0,0.5). Thus,
Usaq is positively correlated with Dy, i.e.,

U; 1
Uadfmax = 727 - ~ , D =05
8stL02 fsCQ (6)
Ua min:_iov D =0.
- st2

In steady-state operation, the value of U,g4 is heavily influenced
by the amplitude of the noise. As explained in Section II-A,
if 30 > Uad_max, there is a likelihood of Uud (k) > Uad max
or Uyq(k) < Uad_min- In such cases, the phase-shift angle D
approaches the boundary values of 0.5 or 0, indicating that U,q
exceeds the maximum adjustable range.

To provide further clarity, Fig. 3 visually illustrates the impact
of ADC noise on the system. In an ideal steady state, the
output voltage will track the reference value, and D will be
stable. Taking into account the random ADC noise A, the
actual sampled voltage is represented as U,_pe. At 1y, the actual
sampled voltage U, e is fed into the controller. The goal of the
controller is to make U, _y, approaching the reference voltage
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Fig. 3. Theoretical waveforms of U, and D in ADC noise state.

Uret, as shown by the gray dotted line in Fig. 3. However, the
regulation range of the output voltage is limited because the
range of phase-shift angle is restricted. Therefore, in the interval
tp~tr+1, D reaches the boundary value 0, and the variation
trend of the output voltage is shown by the red dotted line in
this interval. The variation of the actual output voltage U, ;.
is shown by the black solid line, which is parallel to the red
dotted line, causing U, ,. to deviate from U;Ef at tyq1. The
analysis in the interval ¢5, 1~y o is similar to that in the interval
tip~tr+1, with the difference in D reaching another boundary
value 0.5. Based on the above analysis, the optimal control
cannot be achieved and the phase-shift angle keeps jumping
considerably, resulting in substantial fluctuations in the output
voltage and the inductor current. It can be seen that the converter
with CCS-MPC is characterized by poor noise tolerance, and it
is of great significance to improve the robustness of CCS-MPC.

III. VIRTUAL CAPACITOR NOISE TOLERANCE METHOD

A. Mechanism of Noise Tolerance

To deal with the above noise problem, a simple and effective
solution is proposed as follows. A virtual capacitor, constructed
by the controller, is superimposed onto the real output filter
capacitor in series. At this point, the output voltage prediction
model becomes

Uo(k +1) = Us_re(k) + AL
n (Ui re(k) 4+ ALCSC)

D(1—-1|D
7o D0 = 1D
Io ‘o k) + A;}oise
BELLL )
fC
among which
Cy
Cr=— (®)
5

where C* represents the total capacitor and J represents the
regulation coefficient of the virtual capacitor, 8 > 1. U,q in (5)
can be further derived as

/d ( k ) _ ﬁ nUi ﬁ 1 o
@ Qfs 2 LCQ f s CV2

= B [Uo(k + 1) — (Uo_re(k) + A=) . (9)

To demonstrate the noise tolerance mechanism of the virtual-
capacitor-based control strategy, we present the waveforms of

D(1—1|D]) -
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Fig. 5. Relationship between the noise intensity and 8 on phase-shift angle

under different noise types.

the output voltage and phase-shift angle in Fig. 4. During the
time interval ¢; ~ 1, the actual sampled voltage, denoted
as U, me, is affected by the random ADC noise Agiose. To
counteract this noise, the controller incorporates a regulation
coefficient /3 using the virtual capacitor method. Consequently,
the value of U’,4 in (9) becomes bigger than that of U,q in (5).
In other words, the voltage regulation range considered by the
controller increases. For the same sampled voltage U, e, the
controller using the virtual capacitor method no longer needs to
generate a very small phase-shift angle to ensure that the output
voltage at ¢, ; tracks the reference value. Consequently, during
the time interval ¢; ~ tj1, the duty cycle D does not need to
reach the boundary value, as exemplified in Fig. 4. In this case,
the sampled voltage considered by the controller, denoted as
U 1ne» moves closer to the reference voltage. As a result, the
actual output voltage U, _,. varies along a trajectory represented
by the solid black line, which remains parallel to the dotted
purple line. Comparing Fig. 3 with Fig. 4, it becomes evident
that the fluctuations in the output voltage and phase-shift angle
are significantly suppressed in the latter. Consequently, both
the output voltage ripple and the inductor current ripple are
correspondingly reduced.

The voltage noise intensity d,, and the current noise intensity
d0; are expressed as follows:

Urne - U,

6y = ——— % 100
Ubase . %
A (10)
§; = /= % 100%
Ibase
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TABLE I
MAIN EXPERIMENTAL PARAMETERS

Parameters Symbols  Values
Switching frequency fs 50 kHz
Transformer’s turn ratio n 16:16
Input-side capacitor Ch 500 pF
Output-side capacitor Ca 500 puF
Equivalent inductance L 80 uH
Load resistance R 80/40
Input voltage U; 300 V
Reference output voltage yref 300 V

where U, and U, represent the measured and real voltage,
respectively, ;. and I}, represent the measured and real current,
respectively. Upase and Ihase are voltage rating and current
rating. Based on the parameters of the converter in Table I,
assuming that the output voltage has reached the reference value
at the current moment, Fig. 5 illustrates the relationship between
the noise intensity and J in relation to the phase-shift angle under
different noise types. It can be seen that under the same noise
intensity, the influence of noise on the output voltage is much
greater than that of the output current and the input voltage,
which explains why the noise influence of the input voltage
and the output current can be ignored. When the noise intensity
is represented by the red dotted line, it can be noted that an
increase in the regulation coefficient 3 results in a reduction in
the fluctuation of the phase-shift angle, which is more effective
in tolerating noise, but it can also reduce the dynamic perfor-
mance. Choosing an appropriate 5 can well balance the noise
tolerance performance and the dynamic performance, which is
experimentally presented in Section IV.

B. Static Accuracy Analysis

After introducing the virtual capacitor into the controller, the
output voltage prediction model of the DAB converter in the

20ms/div 20ms/div
v S v Sl o LEL] e e W ow SO0 v Sl o 500 Sw L

© (d)

Experimental results of the transient response for load stepping from 40 to 80 €2. (a) Conventional MPC. (b) Proposed method with 3 = 5. (c) Proposed

steady state can be obtained as

2f°LCy

1,(k)B
fsCQ

(11)

By combining (2), the error between the actual output voltage
and the reference value at k + 1 can be expressed as

Us(k+1) = Us(k) + D(1—|DJ) -

_ ref
= Ut

AU (k+1) = U2 — Uy(k +1) = [UZ — Uy (k)] %
B—1
=AU (k)——. 12
0( ) 3 (12)
Similarly, at & + n
AU, (k+n) = AUM)(%)”. (13)

When n is sufficiently large, AU, (k + n) approaches zero,
which means that the virtual capacitor does not introduce steady-
state errors into the system.

IV. EXPERIMENTAL RESULTS

In order to verify the effectiveness of the proposed noise tol-
erance method, an experimental prototype of the DAB converter
is built. The main experimental parameters are given in Table I.

Fig. 6 shows experimental results of the transient response for
load stepping from 80 to 40 €. Fig. 6(a) shows the conventional
results of MPC, Fig. 6(b) and (c) shows the results of MPC for
£ =5 and B = 10, respectively, Fig. 6(d) shows the transient
response under proportional-integral (PI) control. For Fig. 6(a),
the experimental results show that the inductor peak current
reaches 16.2 A for aresistance of 80 {2 and 37.3 A for a resistance
of 40 (2, indicating constant phase-shift angle jumping between
0 and 0.5. The performance under CCS-MPC is greatly affected



9088

by noise, and stable control cannot be realized. Fig. 6(c) shows
that the inductor peak currentis only 12.0 and 26.8 A for 5 = 10,
which are much smaller than the results of conventional MPC.
For Fig. 6(d), the experimental results show that the inductor
peak current reaches 11.9 and 26.3 A, which is similar to the
results of § = 10. Therefore, our proposed method significantly
improves the robustness of the system against ADC noise. The
current and voltage ripples can be significantly reduced, and
stable control can be realized. Moreover, Fig. 6(d) shows the
corresponding dynamic response time under PI control is up
to 28.9 ms. In comparison, the MPC with the noise tolerance
method reaches a steady state significantly faster than the PI
control. Meanwhile, by comparing Fig. 6(b) and (c), it is evident
that increasing the regulation coefficient of the virtual capaci-
tor results in better noise tolerance performance, stabilizes the
phase-shift angle, and reduces current and voltage ripples.

Fig. 7 compares the dynamic performance for load stepping
from 40 to 80 (2. Fig. 7(a)-(d) shows the transient response
under conventional MPC, proposed MPC with 5 = 5, 10, and
PI control.

In summary, the MPC with the noise tolerance method ef-
fectively suppresses the ADC noise impact and maintains rapid
dynamic performance, while different 3 values have little effect
on the dynamic response time, clearly outperforming the PI
control.

V. CONCLUSION

DC-DC power converters regulated by duty cycle or
phase-shift under continuous control set model predictive
control (CCS-MPC) are inevitably impacted by noise. This
letter proposes a simple and effective noise tolerance method
to address this issue without the need for extra hardware
or increased computational burden. The method has been
experimentally validated and successfully mitigates the impact
of ADC noise on CCS-MPC, while maintaining outstanding

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 8, AUGUST 2024

dynamic performance. The proposed method represents the
best solution thus far.
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