
 

  

 

Aalborg Universitet

Voltage Regulation Enhancement of DC-MG Based on Power Accumulator Battery Test
System
MPC-Controlled Virtual Inertia Approach

Long, Bo; Zeng, Wei; Rodriguez, Jose; Guerrero, Josep M.; Chong, Kil To

Published in:
IEEE Transactions on Smart Grid

DOI (link to publication from Publisher):
10.1109/TSG.2021.3113306

Publication date:
2022

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):
Long, B., Zeng, W., Rodriguez, J., Guerrero, J. M., & Chong, K. T. (2022). Voltage Regulation Enhancement of
DC-MG Based on Power Accumulator Battery Test System: MPC-Controlled Virtual Inertia Approach. IEEE
Transactions on Smart Grid, 13(1), 71-81. https://doi.org/10.1109/TSG.2021.3113306

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            - Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            - You may not further distribute the material or use it for any profit-making activity or commercial gain
            - You may freely distribute the URL identifying the publication in the public portal -
Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

https://doi.org/10.1109/TSG.2021.3113306
https://vbn.aau.dk/en/publications/66ca3953-0d59-469c-a391-32378bd3e255
https://doi.org/10.1109/TSG.2021.3113306


1949-3053 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSG.2021.3113306, IEEE
Transactions on Smart Grid

IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE 

 Voltage Regulation Enhancement of DC-MG Based on 
Power Accumulator Battery Test System: MPC-Controlled 

Virtual Inertia Approach 

Bo Long, Member, IEEE, Wei Zeng, Student Member, IEEE, José Rodríguez, Life Fellow, IEEE  

Josep M. Guerrero Fellow, IEEE, Kil To Chong, Member, IEEE

Abstract—In a DC-microgrid (DC-MG) composed of a power 
accumulator battery test system (PABTS), owing to the low inertia 
of DC capacitance, the charging and discharging of a PABTS can 
easily cause DC-link voltage fluctuations, which may jeopardize 
the system stability. Hence, a virtual inertia control (VIC) strategy 
is proposed to suppress these fluctuations and enhance the stability 
of the DC-MG. The VIC method is realized in a bidirectional grid-
connected converter (BGCC), which combines VIC and model 
predictive control (MPC). The proposed method can provide 
inertia support during the transient state and enhance the dynamic 
characteristics of the DC-link voltage. A prediction model is 
established that uses the variation range of the DC-link voltage as 
the constraint, and the output of VIC as well as voltage deviations 
as optimization objectives. The desired DC-link current increment 
is calculated using the prediction model to change the input DC 
current reference of the VIC. To validate the effectiveness of the 
proposed method, hardware-in-the-loop (HIL) experiments are 
performed, and the results indicate that MPC-VIC is superior to 
the existing VIC methods in terms of inertia support and the DC-
link voltage variation suppression of PABTS DC-MGs.  

Index Terms— Bidirectional grid-connected converter, DC-MG, 
model predictive control, virtual inertia control. 

I.  INTRODUCTION 

WING to the rapid development of electric vehicles 
(EVs), the performance and service life of batteries in 
EVs directly affect their large-scale industrialization. 

For the upcoming years, battery performance may be the single 

biggest risk for EV manufacturers and purchasers. Evaluating 
the performance of EV batteries has become a key issue in 
battery technology. Batteries that fail to live up to their expected 
performance could cause large financial losses, and perhaps 
even a loss of consumer confidence that may endanger the EV 
industry. With so much riding on battery performance, EV and 
hybrid-electric vehicle (HEV) batteries must be tested as 
accurately and thoroughly as possible before widely deployed. 
A better way is to use a power accumulator battery test system 
(PABTS) that can simulate an actual vehicle use as accurately 
as possible. With the help of such a system, the power batteries 
can be tested in controlled environments and the whole tests can 
run automatically, unattended for hours or days at a time, 
providing vastly more test data at greatly reduced expense 
versus actual driving tests [1, 2]. Thus, PABTS plays a vital role 
in EV battery industry. 

The test operation of a PABTS includes two types: energy 
consumption and energy saving. For the energy-consuming test, 
the output power is typically dissipated by resistance. For the 
energy-saving test, in PABTS AC-MG, the output test power of 
the battery is recovered to the grid via a DC-DC converter and 
a grid-connected converter; hence, the energy dissipated during 
the discharging test is not wasted.  

To avoid unnecessary energy wastage, an energy recovery 
(ER) PABTS is presented, in which many parallel-connected 
PABTSs, DC loads, and bidirectional grid-connected 
converters (BGCCs) are utilized to form a DC-MG (as shown 
in Fig. 1). Therefore, the stability of the special DC-MG is 
jeopardized by insufficient inertia support. Fig. 1 shows the DC-
MG with an ER-PABTS, where multiple PABTS are connected 
in parallel via a bidirectional DC/DC converter through a DC 
bus, and the DC-MG is connected to the grid via a BGCC. In 
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Fig. 1.  Configuration of PABTS-based DC-MG. 
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contrast to the existing ER-PABTS AC-microgrid (AC-MG), 
where each parallel-connected PABTS is equipped with a DC-
DC converter and a DC-AC converter that forms an AC MG, 
the PABTS with a DC-DC converter comprises only one energy 
conversion stage, which simplifies the power circuit topology 
and improves the energy recovery efficiency. As the rated 
power of each PABTS is different, when performing charge or 
discharge current test control, power fluctuations will occur in 
the traditional DC-MG, which may aggravate the fluctuation of 
the DC-link voltage, thereby jeopardizing the system stability 
[3-5]. Therefore, ensuring the stability of the DC-link voltage 
of the PABTS DC-MG while performing charge and discharge 
current tests of the power batteries is particularly important. 

Studies regarding the stability analysis of PABTS DC-MGs 
are scarce; nonetheless, their solution can be obtained based on 
studies pertaining to DC-MGs, AC-MGs, and hybrid-MGs. The 
most recent study regarding the stability improvements of MGs 
suggest that they can be classified into three categories: non- 
virtual inertia control (NO-VIC)[6], increased virtual inertia 
control [7], and adaptive virtual inertia control (A-VIC) [8, 9]. 
Many studies pertaining to non-inertia control for system 
stabilization have been performed. In [10], deviations in the 
power or voltage of DC-MGs were used to stabilize the DC-link 
voltage. As a basic control technique for load current sharing in 
traditional DC-MGs, droop control is vital to DC-link voltage 
stabilization [11-13]. However, it is difficult to balance between 
voltage deviation and current sharing accuracy. 

In addition to current sharing, owing to droop control, the 
DC-link voltage deviation may increase with the load changes. 
Hence, several solutions have been proposed to mitigate this 
issue [14-16]. In [14], the current sharing accuracy and DC-link 
voltage restoration were improved through an improved droop 
control of low-bandwidth communication. In [15], a closed-
loop control strategy based on droop characteristics that can 
achieve accurate power distributions in both islanded and grid-
connected DC-MGs was proposed. In [16], an observer-based 
DC voltage drop and current feedforward control strategy was 
proposed to effectively improve the dynamic response of DC-
link voltage control by observers. 

Inertia control is a typical method for increasing system 
stability. It stabilizes the voltage and frequency of the AC-MG 
and smooths the DC-link voltage variations in the DC-MG. In 
general, well-known methods for increasing inertia can be 
classified into two categories. One is to install an energy storage 
system (ESS) for the system [17], and the other is to utilize a 
virtual synchronous generator (VSG) to mimic the inertia 
characteristics of a synchronous generator (SG) with the BGCC 
[18].  

Energy storage devices include batteries and supercapacitors. 
In [19, 20],  J. Fang, Y et al. included a supercapacitor to 
provide transient compensation when the load was connected 
abruptly, and the supercapacitor improved the transient 
response of the DC-MG. However, the direct integration of 
supercapacitors requires a higher rated voltage, which is 
expensive. In [18], to suppress frequency and voltage 
fluctuations and enhance the AC-MG stability, a novel MPC-
controlled VSG for an ESS was introduced, which can provide 

inertia support during transient states and enhance the dynamic 
characteristics of system voltage and frequency. However, it has 
not been applied to DC-MG and it needs an additional ESS. In 
[21], a state-of-charge (SOC) was embedded with a frequency-
power droop control loop in a multi-agent manner to regulate 
active power in an AC-MG. In [22], N. Zhi et al. proposed a 
virtual DC machine control strategy for a DC-MG based on the 
SOC to dynamically balance power and SOC.  

Currently, virtual inertia control, as a mature control method, 
has been widely used in AC-MGs and hybrid MGs [23-25]. In 
fact, a wind turbine has been implemented in the DC-MG 
system to increase the system inertia. In [7, 26], X. Zhu et al 
realized virtual inertia control in a wind turbine by switching 
the slope value of the maximum power point tracking curves. 
The other acts on the converter via virtual inertia control. Based 
on the virtual inertia control (VIC) of a VSG in AC-MGs [9, 27-
29], VIC in DC-MGs is proposed. However, it only operates in 
the grid-connected mode, and for islanded DC-MGs, inertia 
support is lost. In addition, Yang et al. [30] investigated  the 
oscillation tendency of the DC-MG voltage, improved the 
damping characteristics, and stabilized the DC voltage through 
negative feedback and VIC.  

In general, adaptive inertia control optimizes the system 
stability by changing the system parameters. In [31], a self-
tuning algorithm was used to continuously search for the 
optimal parameters during a virtual synchronous machine 
operation to minimize the amplitude and rate of frequency 
change as well as the power flowing through the ESS. However, 
the nonlinear characteristics of adaptive inertia control may 
easily affect the system stability. In [32], a combined control 
with an adaptive change in the inertia coefficient and damping 
coefficient was proposed to optimize the system dynamics. 
However, the parameter adaptability can be further improved 
by specifying piecewise functions. Therefore, many scholars 
have proposed intelligent schemes. In [17] and [33], the virtual 
inertia coefficient was adjusted using fuzzy logic; however, the 
optimal selection of the fuzzy rules remained challenging. In 
[34] and [35], intelligent algorithms such as bang-bang and 
neural predictive control were proposed and used to adaptively 
adjust the inertia and damping parameters. Nevertheless, the 
abovementioned adaptive inertia control has not been applied to 
the DC-MG. We may focus on this issue in our future studies.   

Based on the recently published results regarding DC-MG 
modeling [36] and its stability, conventional VIC method could 
provide virtual inertia support of the DC-MG by mimicking the 
behavior of a virtual DC machine (VDCM). However, it could 
not minimize the DC-link voltage variations. To compensate 
this research gap, considering that MPC controller has the 
merits of multi-step prediction as well as multi-objective 
optimization capabilities, which is more suitable for inertia 
support control and multi-objective optimization within output 
constraints. Thereby, combining MPC with VIC could offer 
optimal solution for PABTS DC-MG. In this paper, a new 
MPC-VIC is proposed herein to enhance the system stability. 
First, a prediction model is established by setting the DC-link 
voltage changing rate as a constraint, and the voltage deviation 
and VIC output as the optimization objectives. Subsequently, 
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the prediction model is used to calculate the optimal current 
increment required at the next sampling time to change the input 
current reference of the VIC to enhance the system anti-
interference capability. In conclusion, the main contributions of 
this research are summarized as follows: 

1) Conventional two-stage energy conversion PABTS AC-
MG has the drawbacks of high overall system cost and low 
energy recovery efficiency. To solve this problem, a 
PABTS DC-MG operating only in grid-connected mode, 
which features with single-stage energy conversion, low 
cost, less volume and high efficiency, is proposed.  

2) To enhance the inertia support of the PABTS DC-MG, a 
MPC-VIC strategy for a BGCC is proposed, including 
inertia and damping control. Different with traditional 
DC-MG [9], where its reference virtual current is constant 
and its anti-interference capability of the system is limited. 
The proposed MPC-VIC provides inertia support for the 
transient response of the DC-MG and suppresses 
fluctuations in the DC-link voltage. Thus, the system 
stability is enhanced. This significantly benefits the 
frequent charging and discharging current test control of 
the batteries in a DC-MG. 

3) Different with our previous work in [15], the virtual inertia 
support in PABTS-DC MG is realized by the AC-grid and 
a BGCC controlled by MPC-VIC method, which does not 
need an additional ESS and greatly saves the system cost. 

The remainder of this paper is organized as follows: Section 
II describes the configurations of the PABTS DC-MG and the 
concept of inertia regulation. To achieve an optimal control of 
the VSG in a DC-MG, a MPC-VIC prediction model is 
established. The cost function and its solutions are presented in 
Section III. Sections IV and V present the simulation and 
experimental verification results, respectively. Finally, the 
concluding remarks are presented in Section VI. 

II. PABTS DC-MG AND INERTIA CONTROL 

A. System Specifications 
As shown in Fig. 2, the DC-MG of the test system is 

composed of power battery packs, DC/DC converters, DC-link 
capacitors 𝐶 , a BGCC, L-filters, and related power electronic 
devices. The main circuit of the BGCC uses a three-phase full-
bridge converter, where 𝐿 is the input filter inductance, 𝑟 is the 
equivalent series resistance of L, 𝑖  is the DC output current, 𝑖  
is the DC link current of the BGCC, 𝑢  is the DC-link voltage 
of the DC-MG, 𝑣  is the utility grid voltage, and 𝑖  is the 
grid current. 

As shown in Fig. 2, each battery pack is an independent test 
unit, and they may operate in the discharge or charging mode. 
To simplify the analysis, constant current discharge or charging 
test control is considered, which is realized by a bidirectional 
DC/DC converter connected to the DC bus. The inconsistency 
of the battery charging and discharging tests leads to DC-link 
voltage fluctuations. Therefore, a BGCC is used to maintain the 
power balance of the DC-MG and ensure the stability of the 
DC-link voltage via a bidirectional energy exchange with the 
AC grid. 
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Fig. 2.  Simplified circuit of PABTS DC-MG. 

B. Inertia Control of DC-MG 
In an AC-MG, the frequency and voltage fluctuations at the 

PCC are caused by power fluctuations at the power generation 
site and user loads. Excessive frequency fluctuations may cause 
system instability. To enhance the anti-interference capability 
of the system and increase the system inertia, a VSG control 
converter is typically used to simulate the primary frequency 
modulation, inertia, and damping characteristics similar to those 
of a synchronous generator. The typical equation for the VSG 
control strategy is as follows: 

𝑃 = 𝑃 + 𝑘(𝜔 − 𝜔 )                     (1) 

𝐽𝜔 = 𝑃 − 𝑃 − 𝐷𝜔 (𝜔 − 𝜔 )          (2) 

The active-power-frequency droop (P-f) equation is shown in 
(1), where 𝑃  is the mechanical power reference of the VSG, 
𝑃  is the rated value of the active power, k is the active droop 
coefficient, 𝜔  is the rated output frequency, and 𝜔  is the grid 
angular frequency. Equation (2) represents the motion equation 
of the mechanical rotor, where 𝐽 is the rotational inertia, 𝜔  is 
the reference angular frequency, 𝑃  is the electromagnetic 
power, and 𝐷  is the damping coefficient that represents the 
damping characteristics of the VSG. 

Similarly, in a DC-MG, to prevent power fluctuations caused 
by battery charging and discharging, VSG control can be 
introduced, in which the AC grid can provide inertia support to 
the DC-MG. Compared with the AC-MG, the DC-link voltage 
is the only parameter in the DC-MG that reflects the system 
power balance, which requires inertia support to suppress 
voltage fluctuations. 

To obtain good dynamic characteristics and start-up 
characteristics of the PABTS DC-MG, the primary frequency 
regulation characteristics of the SG were simulated. The droop 
control method is widely used in the DC-MG and has been 
investigated extensively for power sharing and DC-link voltage 
regulation. The 𝐼 − 𝑈 droop control can be expressed as 

𝑖 = 𝑘 (𝑢 − 𝑢 )                         (3) 
where 𝑢  is the rated DC-link voltage, 𝑢  is the DC-link 

voltage, 𝑘  is the droop coefficient, and 𝑖  is the reference 
virtual current. Because the inertia of the bus capacitor is 
limited, it is insufficient to rely solely on the DC-link capacitor 
to suppress power fluctuations. Therefore, the virtual capacitor 
𝐶  must be increased.  
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Fig. 3.  Diagram of DC-MG with virtual inertia. 
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As shown in Fig. 3, the additional fluctuation power 𝛥𝑃 is 
absorbed by the virtual capacitor. In this case, the absorbed 
virtual power is expressed as 

𝛥𝑃 = 𝐶 𝑢∗
∗

= 𝑃 − 𝑃                 (4) 

where 𝑢∗  is the reference voltage of the virtual capacitor. 
Therefore, the current of the virtual capacitor 𝛥𝑖 in Fig. 3 can 
be calculated as follows: 

𝛥𝑖 = 𝐶
∗

= 𝑖 − 𝑖                         (5) 

where 𝑖  is the DC-link current. To prevent voltage oscillation, 
a damping current that is opposite to the direction of voltage 
variation is introduced. Therefore, (5) can be rewritten as 

𝐶
∗

= 𝑖 − 𝑖 − 𝑖                          (6) 

where 𝑖  is the damping current, which is proportional to the 
difference between the voltage of 𝐶  and the rated voltage. 
The damping current should be greater when the voltage 
fluctuation is increased such that it can effectively inhibit 
voltage fluctuations. By substituting (3) into (6), (6) can be 
updated as follows: 

𝐶
∗

= 𝑘 (𝑢 − 𝑢 ) − 𝑖 − 𝑘 (𝑢∗ − 𝑢 )      (7)      

As shown in (7), when the DC-link power fluctuates owing 
to the charging and discharging current tests of the batteries, 
because of the virtual inertia coefficient 𝐶 , the bidirectional 
AC/DC converter prevents the change in the DC-link voltage 
by absorbing and releasing active power. The damping 
coefficient 𝑘  further suppresses the frequency oscillation, and 
the DC-link voltage can be adjusted based on the droop 
coefficient 𝑘 .  

III. DESIGN OF MPC-VIC CONTROLLER 

The traditional DC-MG virtual inertia control method 
includes a virtual inertia link, voltage, and current dual-loop 
control. However, when the DC-link voltage fluctuates 
significantly, the voltage regulation capability of the 
conventional VIC [32] is limited. Therefore, we propose a joint 
adjustment of the VIC and MPC (Naming, MPC-VIC). The 
proposed MPC-VIC could realize multi-step prediction, which 
has less tracking error for the DC-link voltage, and the DC-link 
voltage can restore to the steady-state with faster time response 
under disturbances. Moreover, MPC-VIC can handle several 
control objectives in the cost function, which provides a direct 
solution. 

Fig. 4 shows a block diagram of the proposed MPC-VIC, 
which comprises VIC control, MPC control, and voltage-
current dual-loop control. The principle of MPC control is 
described as follows: The dual-loop control includes voltage 
outer-loop control and current inner-loop control. 𝑢  and 𝑢  are 
the d-axis and q-axis components of 𝑣 , respectively. 𝑖  and 
𝑖  are the d-axis and q-axis components of 𝑖 , respectively. 𝑖∗  
and 𝑖∗  are the current references of 𝑖  and 𝑖 , respectively. 
MPC-VIC detects changes in the DC-link voltage. Based on the 
system’s prediction model, it can predict the compensation 
current Δ𝑖  that the DC-MG requires during voltage 

fluctuations. Consequently, the DC-link voltage balance 
capability with a bidirectional AC-DC converter is enhanced. 
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Fig. 4. Block diagram of proposed MPC-VIC method. 

A. Prediction Model of VIC 

To effectively realize the DC-link voltage stability of the DC-
MG, a mathematical model of the MPC-VIC is established. 
First, we rewrite (7) as follows: 

∗

= 𝑖 − 𝑖 − (𝑢∗ − 𝑢 )         (8) 

Subsequently, we rewrite (8) into a state-space model as 
follows: 

�̇�(𝑡) = 𝑖 (𝑡) − 𝑢(𝑡) − 𝑖 (𝑡)

𝑦(𝑡) = 𝑢(𝑡)
         (9) 

where 𝑢(𝑡) = 𝑢∗ − 𝑢 . Based on (9), fluctuations in the DC-
link input current will cause power imbalance and fluctuations 
in the DC-link voltage. In (9), 𝑢(𝑡)  is regarded as the state 
variable, the virtual current reference 𝑖 (𝑡)  is used as the 
input, and the DC-link current 𝑖 (𝑡) is regarded as the system 
disturbance. 

To eliminate the introduction of the integral term to reduce 
or eliminate the static error, (9) is converted into a discrete 
incremental model using the Duhamel method [37] as follows: 

∆𝑢(𝑘 + 1) = 𝐴∆𝑢(𝑘) + 𝐵 ∆𝑖 (𝑘) + 𝐵 ∆𝑖 (𝑘)

𝑦(𝑘 + 1) = 𝑦(𝑘) + ∆𝑢(𝑘 + 1)
     (10) 

In the equation above, 

𝐴 = 𝑒 , 𝐵 = ∫ 𝑒 𝑑𝜏, 𝐵 = ∫ 𝑒 𝑑𝜏 

where ∆𝑢(𝑘 + 1)  is the control output, which indicates the 
variation in the DC-link voltage; 𝑇  is the sampling time. Hence, 
the DC-link voltage variations ∆𝑢(𝑘), virtual current reference 
changes ∆𝑖 (𝑘), and DC-link current changes can be written 
as 

∆𝑢(𝑘) = 𝑢(𝑘) − 𝑢(𝑘 − 1)

∆𝑖 (𝑘) = 𝑖 (𝑘) − 𝑖 (𝑘 − 1)

∆𝑖 (𝑘) = 𝑖 (𝑘) − 𝑖 (𝑘 − 1)

               (11) 
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Considering the control precision and calculation burden in 
implementation, a three-step prediction was applied [38-40]. 
Therefore, the voltage prediction equation can be expressed as 

𝒀 (𝑘 + 1|𝑘) = 𝑺𝑨∆𝑢(𝑘) + 𝑰𝑦(𝑘) + 𝑺𝒖∆𝒊𝒅𝒄
𝒓𝒆𝒇(𝑘) + 𝑺𝒅∆𝒊𝟎(𝑘) (12) 

where 𝒀𝟑(𝑘 + 1|𝑘) is the output of the three-step prediction of 

the system at instant 𝑘, and ∆𝒊𝒅𝒄
𝒓𝒆𝒇(𝑘) is the increment sequence 

of the control variable. 𝒀𝟑 and ∆𝒊𝒅𝒄
𝒓𝒆𝒇(𝑘) are defined as follows: 

𝒀𝟑(𝑘 + 1|𝑘) ≝

𝑦(𝑘 + 1|𝑘)

𝑦(𝑘 + 2|𝑘)

𝑦(𝑘 + 3|𝑘)
, ∆𝒊𝒅𝒄

𝒓𝒆𝒇(𝑘) ≝

∆𝑖 (𝑘)

∆𝑖 (𝑘 + 1)

∆𝑖 (𝑘 + 2)

 (13) 

Where  

𝑺𝑨 = [𝐴 Σ 𝐴 Σ 𝐴 ]   , 𝑰 = [1 1 1]  
𝑺𝒅 = [𝐵 Σ 𝐴 𝐵 Σ 𝐴 𝐵 ]   

𝑺𝒖 =

𝐵 0 0

Σ 𝐴 𝐵 𝐵 0

Σ 𝐴 𝐵 Σ 𝐴 𝐵 𝐵

  

B. Cost Function Design  
The control target for the DC-MG is to maintain a stable DC-

link voltage under disturbance. When the discharge power of 
the batteries increases, the energy should be recovered to the 
grid to suppress power fluctuations. Similarly, when the 
charging power of the batteries increases, the energy should be 
absorbed from the AC grid to smooth the DC-link voltage 
changes and provide inertia support to the DC-MG. When the 
DC-link voltage fluctuates, the MPC-VIC can output the 
optimal compensation current to suppress DC-link voltage 
fluctuations based on a three-step prediction (considering the 
calculation expense, the three-step prediction of MPC-VIC is 
selected). Therefore, considering the changes in the DC-link 
voltage and VIC output, the cost function 𝑔  is designed as 
follows: 

𝑔 = Σ (𝜆 ∆𝑢(𝑘 + 𝑖|𝑘)) + (𝜆 ∆𝑖 (𝑘 + 𝑖|𝑘))   (14) 

where 𝜆  and 𝜆  represent the voltage and current change 
weight coefficients. ∆𝑢(𝑘 + 𝑖|𝑘) and 𝑖 (𝑘 + 𝑖|𝑘)) represent 
the voltage and current errors at time instant 𝑘. In (14), the first 
term ensures a fast recovery of the DC-link voltage, and the 
latter term is used to minimize the output cost of the VIC. The 
changes in the DC-link voltage should be limited to a certain 
range. This can be expressed as a constrained MPC problem as 
follows:  

⎩
⎪
⎪
⎨

⎪
⎪
⎧ 𝑚𝑖𝑛

∆ ( )
𝑔(∆𝑢(𝑘), ∆𝑖 (𝑘))

𝑠. 𝑡.  ∆𝑢(𝑘 + 𝑖 + 1|𝑘) = 𝐴∆𝑢(𝑘 + 𝑖|𝑘) + 𝐵 ∆𝑖 (𝑘 + 𝑖)

+𝐵 ∆𝑖 (𝑘 + 𝑖)

∆𝑢(𝑘|𝑘) = ∆𝑢(𝑘)

𝑢(𝑘 + 𝑖 + 1|𝑘) = 𝑢(𝑘 + 𝑖|𝑘) + ∆𝑢(𝑘 + 𝑖|𝑘),   𝑖 ≥ 1
𝑦 (𝑘 + 𝑖) ≤ 𝑦(𝑘 + 𝑖|𝑘) ≤ 𝑦 (𝑘 + 𝑖)   ∀𝑘 > 0

    (15) 

Therefore, the cost function in (14) can be rewritten as 

𝑔 ∆𝑢(𝑘), ∆𝑖 (𝑘) = 𝜞𝒚(𝒀𝟑(𝑘 + 1|𝑘) − 𝑹(𝑘 + 1))   

     + 𝜞𝒊∆𝒊𝒅𝒄
𝒓𝒆𝒇(𝑘)                         (16)     

where 𝜞𝐲  and 𝜞𝒊  represent the weight coefficient matrices of 
the voltage and current change, respectively; 𝑹(𝑘 + 1) is the 
desired output reference at 𝑘 +  1. Here, it denotes the DC-link 
voltage variations (0 as expected). The coefficient matrices 𝜞𝒚, 
𝜞𝒊, and the reference matrix 𝑹 are expressed as follows: 

𝜞𝒚 = 𝑑𝑖𝑎𝑔{𝜆 , 𝜆 , 𝜆 }

𝜞𝒊 = 𝑑𝑖𝑎𝑔{𝜆 , 𝜆 , 𝜆 }

𝑹(𝑘 + 1) = [0 0 0]

                          (17) 

C. Control Strategy Solution 
Equation (15) can be transformed into a quadratic 

programming (QP) problem. The cost function should be 
transformed into a quadratic standard form of 𝑧 𝑯𝑧 − 𝑔 𝑧, and 
the control quantity constraint should be rewritten as a linear 

standard from of 𝑪𝑧 ≥ 𝒃 , where 𝑧 = ∆𝒊𝒅𝒄
𝒓𝒆𝒇(𝑘)  is an 

independent variable of the optimization problem. The 
intermediate variable 𝑬 is defined as follows: 

𝑬(𝑘 + 1|𝑘) ≝ 𝑹(𝑘 + 1) − 𝑺𝑨∆𝒖(𝑘) − 𝑰𝒚(𝑘) − 𝑺𝒅∆𝒊𝟎(𝑘)(18) 

After substituting (18) into (12), the cost function in (16) can 
be rewritten as 

𝑔 = 𝜞𝒚(𝑺𝒖∆𝒊𝒅𝒄
𝒓𝒆𝒇(𝑘) − 𝑬(𝑘 + 1|𝑘)) + 𝜞𝒊∆𝒊𝒅𝒄

𝒓𝒆𝒇(𝑘)  

         = ∆𝒊𝒅𝒄
𝒓𝒆𝒇(𝑘) 𝑺𝒖 𝜞𝒚 𝜞𝒚𝑺𝒖∆𝒊𝒅𝒄

𝒓𝒆𝒇(𝑘)      

+∆𝒊𝒅𝒄
𝒓𝒆𝒇(𝑘) 𝜞𝒊 𝜞𝒊∆𝒊𝒅𝒄

𝒓𝒆𝒇(𝑘) 

−2𝑬(𝑘 + 1|𝑘) 𝜞𝒚 𝜞𝒚𝑺𝒖∆𝒊𝒅𝒄
𝒓𝒆𝒇(𝑘) 

 +𝑬(𝑘 + 1|𝑘) 𝜞𝒚 𝜞𝒚𝑬(𝑘 + 1|𝑘)                             (19) 

𝑬(𝑘 + 1|𝑘) 𝜞𝒚 𝜞𝒚𝑬(𝑘 + 1|𝑘)  is independent of variable 

∆𝒊𝒅𝒄
𝒓𝒆𝒇(𝑘); therefore, for the optimization of the QP problem, (19) 

is equivalent to 

𝑔 = ∆𝒊𝒅𝒄
𝒓𝒆𝒇(𝑘) 𝑳∆𝒊𝒅𝒄

𝒓𝒆𝒇(𝑘) − 𝑴(𝑘 + 1|𝑘) ∆𝒊𝒅𝒄
𝒓𝒆𝒇(𝑘)    (20) 

where 
𝑯 = 𝑺𝒖 𝜞𝒚 𝑻𝒚𝑺𝒖 + 𝜞𝒊 𝜞𝒊 

𝑴(𝑘 + 1|𝑘) = 2𝑺𝒖 𝜞𝒚 𝜞𝒚𝑬(𝑘 + 1|𝑘)   (21)      

Subsequently, the DC-link voltage constraint in (15) is 
transformed into a linear standard in the form of 𝑪𝑧 ≥ 𝒃. 

𝒀𝒎𝒊𝒏(𝑘 + 1) ≤ 𝒀(𝑘 + 1|𝑘) ≤ 𝒀𝒎𝒂𝒙(𝑘 + 1)        (22) 
where 

𝒀𝒎𝒊𝒏(𝑘 + 1) = [𝑦 (𝑘 + 1)   𝑦 (𝑘 + 2)   𝑦 (𝑘 + 3)]  
𝒀𝒎𝒂𝒙(𝑘 + 1) = [𝑦 (𝑘 + 1)   𝑦 (𝑘 + 2)   𝑦 (𝑘 + 3)]  

(23) 
Substituting (12) into (22), the DC-link voltage constraints 

can be rewritten as  

−𝑺𝒖

𝑺𝒖
∆𝒊𝒅𝒄

𝒓𝒆𝒇(𝑘) ≥ 𝒃(𝑘)                    (24) 

where 

𝒃(𝑘) =
𝑺𝑨∆𝒖(𝑘) + 𝑰𝒚(𝑘) + 𝑺𝒅∆𝒊𝟎(𝑘) − 𝒀𝒎𝒂𝒙(𝑘 + 1)

−(𝑺𝑨∆𝒖(𝑘) + 𝑰𝒚(𝑘) + 𝑺𝒅∆𝒊𝟎(𝑘)) + 𝒀𝒎𝒊𝒏(𝑘 + 1)
 

(25) 
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   Based on (20)-(25), the MPC optimization problem (15) with 
the constraint of the approximate voltage change is transformed 
into the QP problem expressed as follows: 

𝑚𝑖𝑛
∆𝒊

𝒅𝒄
𝒓𝒆𝒇

( )

∆𝒊𝒅𝒄
𝒓𝒆𝒇(𝑘) 𝑯∆𝒊𝒅𝒄

𝒓𝒆𝒇(𝑘) − 𝑴(𝑘 + 1|𝑘) ∆𝒊𝒅𝒄
𝒓𝒆𝒇(𝑘) (26) 

Satisfy 𝑪𝒖∆𝒊𝒅𝒄
𝒓𝒆𝒇(𝑘) ≥ 𝒃(𝑘) 

where 
𝑪𝒖 = [−𝑺𝒖     𝑺𝒖]𝑻                             (27) 

Based on (21), it is clear that 𝑯 ≥ 0 . Therefore, the QP 
problem (26) has one solution (∆𝒊𝒅𝒄

𝒐𝒑𝒕(𝑘)) for any weighting 
matrix 𝜞𝒚 ≥ 0 and 𝜞𝒊 ≥ 0.  

D. Stability Analysis 
In the proposed method, the reference input power of the VIC 

is affected by the result of the MPC algorithm (see Fig. 4), and 
the stability of the MPC algorithm directly affects the control 
performance. To verify whether the DC-link voltage can be 
restored under the charging and discharging current test control 
of the batteries, the stability of the MPC algorithm must be 
analyzed. This is realized by setting its result as the power 
setting value of the VIC into the state equation. 

For MPC with input constraints, to analyze the system 
stability, a case-by-case discussion should be considered.  

(1). If the solution of (26) is within the boundary of the 
feasible region, then the original model becomes an 
unconstrained model, and the optimal control rate is 

∆𝒊𝒅𝒄
𝒓𝒆𝒇(𝑘)∗ = 𝑲(𝑹(𝑘 + 1) − 𝑺𝑨∆𝒖(𝑘) − 𝑰𝑦(𝑘) − 𝑺𝒅∆𝒊𝟎(𝑘)) 

= 𝑲 𝑹(𝑘 + 1) − (𝑺𝑨 + 𝑰)∆𝒖(𝑘) − 𝑺𝒅∆𝒊𝟎(𝑘) − 𝑰𝒖(𝑘 − 1)  
(28) 

where 
𝑲 = 𝑯 𝑺𝒖 𝜞𝒚 𝜞𝒚                      (29) 

Substituting (28) into (10) yields 

∆𝒖(𝑘 + 1) = 𝐴 − 𝐵 𝑲(𝑺𝑨 + 𝑰) ∆𝒖(𝑘) + 𝐵 𝑲𝑹(𝑘 + 1)    

+(𝐵 − 𝐵 𝑲𝑺𝒅)∆𝒊𝟎(𝑘) − 𝐵 𝑲𝑰𝒖(𝑘 − 1)   (30) 

Let �̅� = 𝐴 − 𝐵 𝑲(𝑺𝑨 + 𝑰). When the absolute value of �̅� is 
less than 1, the eigenvalue of �̅� is in the unit circle, and the 
unconstrained MPC system is nominally asymptotically stable; 
otherwise, the system is stable. Moreover, the voltage deviation 
converges to 0. In other words, the DC-link voltage returns to 
its rated value.  

 (2). If the solution of (26) reaches the constraint boundary, 
i.e., when (24) has an equal sign, the input power reference 
value of VIC obtained by the MPC algorithm will be the upper 
limit of the VIC output within the allowable range. In this case, 
the VIC will output an active power based on this upper limit 
value, and the change in the DC-link voltage is primarily 
determined by the regulation of other units and energy storage 
devices in the system. In summary, to improve the voltage 
response dynamics, the proposed MPC-VIC algorithm can 
promptly adjust its output power to reduce the voltage change 
rate and voltage deviation when the DC-MG is disturbed. Based 
on the analysis above, Fig.5 shows the implementation 
flowchart of MPC-VIC controller illustrated in Fig. 3. 

   

Parameter initialization: SA, Su, Sd,Гy,Гi, L

Voltage and current sampling u(k),idc(k).
Set expectations R(k+1)

Solve the QP problem
(Eq.(26))

Calculate E(k+1|k), M(k+1|k), b(k+1|k)
(Eq. (18),(21) and (25))

Control increment

Additional 
processing Solvable?

N

Y

∆𝑖𝑑𝑐 (𝑘) = ∆𝑖𝑑𝑐
𝑜𝑝𝑡

(𝑘) 

𝑖𝑣𝑖𝑐 (𝑘) = 𝑖𝑑𝑐
𝑟𝑒𝑓 (𝑘) + ∆𝑖𝑑𝑐 (𝑘) 

 
Fig. 5.  Implementation flowchart of proposed MPC-VIC. 

IV. EXPERIMENTAL RESULTS 

A. Hardware Setup  
Experimental verification was performed to validate the 

theoretical analysis described in Section III. Owing to the 
parallel operation complexities of multiple power converters 
and power batteries, hardware-in-the-loop (HIL) testing, which 
mimics the behavior of the PABTS, was used because it can 
provide the most complex model-based design to interact with 
the actual environment.  

In the experiment, RT-LAB (OP4050 from RT-LAB 
Company, Canada) was used as a real-time simulator for power-
stage simulation. Similarly, MicroLabBox (dSPACE, 
Germany), which is a compact, multifunctional and effective 
development system for laboratory testing, was used for NO-
VIC, A-VIC and MPC-VIC control implementation. Here, NO-
VIC represents that the BGCC is controlled without virtual 
inertia support, where voltage-current double loop control is 
used [6, 41]. A-VIC stands for adaptive virtual inertia control, 
which adaptive changes the inertia of BGCC according to the 
rate of change of DC-link voltage [17, 28], and finally, MPC-
VIC is the proposed method. 

Fig. 6 shows the experimental setup. Models of the loads, 
switching devices, drive circuits, power battery packs, and 
power converters have been established in RT-LAB. 
MicroLabBox will sample RT-LAB output signals (e.g., grid 
current, voltage, DC-link voltage and current, and battery 
charge and discharge currents). The control signal is generated 
based on the proposed method and then input to RT-LAB. The 
sampling time was 40 µs. To simplify the battery test system, 
we set all battery discharge and charging modes to a constant 
current during the experiment. Consequently, a closed-loop HIL 
simulation platform for the MG was established.  

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on September 24,2021 at 08:42:38 UTC from IEEE Xplore.  Restrictions apply. 



1949-3053 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSG.2021.3113306, IEEE
Transactions on Smart Grid

IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE 

Control Desk

Host Computer 
of RT-LAB

MicroLab-Box

RT-LAB
OP4050

Analog I/O

Digital I/O
 

Fig. 6.  Configuration of the HIL experimental platform. 

The HIL test served two primary purposes: 1) to verify the 
validity and effectiveness of MPC-VIC for PABTS DC-MGs in 
utility, and 2) to evaluate the advantage of MPC-VIC over other 
existing methods (A-VIC [28, 42] and NO-VIC) in DC-link 
voltage suppression under different scenarios. 

Tables I and II show the parameter specifications of the 
battery and the MPC-VIC controller, respectively. For the 
battery parameters, we refer to the power batter information of 
an electric vehicle company (Model-S 85 from Tesla company) 
as an example. 

TABLE I 
Parameter Specifications of Power Battery 

Parameters Value 

Nominal voltage 355.2 V 

Rated capacity (Ah) 145.7 Ah 

Initial state-of-charge 50% 

Table II 
Parameter Specifications in MPC-VIC 

Parameters Symbol Value 

DC-link voltage 𝑈  700 VDC 

Grid voltage 𝑉   220 VAC 

Fundamental frequency 𝑓   50 Hz 

Inductance 𝐿    10 mH  

DC bus capacitance 𝐶    1350 μF  

Virtual capacitance 𝐶  0.5 𝑚𝐹 

Droop coefficient 𝑘  38  

Damping coefficient 𝑘  30 

Prediction horizon 𝑁 3 

Weight factor 𝜆 , 𝜆  1 

Sampling time 𝑇  5 𝜇 s 

B. Result and Analysis 
Assume that the initial state of the DC-MG is as follows: a 

discharge test current of 50 A is performed for battery-I, and the 
discharged energy is recovered to the AC grid via the BGCC 
(this is defined as the initial state). Therefore, the following four 
tests were performed to verify the effectiveness of the different 
control methods on the DC-voltage stabilities of the PABTS- 
DC-MGs. The experimental results are shown in Figs. 7-11.  

Case 1: Charging Current Test Disturbance. In the initial 
state, to evaluate the DC-link voltage variations, a step-up 

charging test current of approximately 10 A was applied at 0.16 
s for battery-II. The waveforms of battery-II’s SOC, current, 
and voltage are shown in Fig. 7 (a), where its SOC increased 
from 50% of its initial value, and its voltage remained at 
approximately 355.2 V.  

Fig. 7 (b) shows the dynamic response of the DC-link voltage 
with different control strategies. The results indicate that 
without inertia control, the instantaneous maximal DC-link 
voltage drop may reach 14 V, and that an additional overshoot 
occurred during the recovery process. With A-VIC, the DC-link 
voltage drop is reduced (approximately 10.5 V) because of the 
inertia support. MPC-VIC releases more inertia power than A-
VIC, and the voltage variation is further reduced 
(approximately 8.5 V). When the DC-MG enters a steady state, 
MPC-VIC releases less power than A-VIC, which has a faster 
time response for the steady-state arrival of the system. 
Consequently, the suppression of the DC-link voltage 
fluctuation with MPC-VIC is reduced by 39.3% and 19.0% 
compared with those of NO-VIC and A-VIC, respectively. This 
verifies that the suppression performance of the DC-link 
voltage fluctuation with MPC-VIC is better than that with A-
VIC and NO-VIC. 
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Fig. 7. DC-link voltage under charging current test of battery-II. (a) SOC, 
current, and battery voltage; (b) Dynamic response of the DC-link voltage with 
different control methods. 

Case 2: Discharge Current Test Disturbance. Fig. 8 shows 
the experimental results under the battery-III discharge test in 
the initial state. A discharge current test with 10 A was 
implemented at 0.16 s. Fig. 8 (a) shows the SOC changes of 
battery-III. The SOC decreased gradually from 50% of the 
initial value, the discharging current was 10 A, and the battery 
voltage remained at approximately 355.2 V. 
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Fig. 8. DC-link voltage under discharging current test of battery-III. (a) 
Discharge current test of battery-III; (b) DC-link voltage with different control 
methods. 

Fig. 8 (b) shows the transient response of the DC-link voltage 
with different controllers under discharge disturbance. When 
the discharge test was performed at 0.16 s, the input power of 
the system increased. Without inertia control, the DC-link 
voltage will increase rapidly to approximately 714 V, and 
voltage fluctuations will occur. By including A-VIC control, the 
voltage fluctuation can be reduced by 28.5%. The DC-link 
voltage with MPC-VIC further suppressed the voltage 
fluctuation by 42.5% and 19.6% compared with NO-VIC and 
with A-VIC. The HIL experiment further proves the 
effectiveness of the proposed scheme. 

Case 3: DC-link Voltage Under Grid Voltage Changes. In 
practice, the AC grid is not always ideal. When the grid voltage 
fluctuates, the stability of the DC-link voltage is affected. Figs. 
9 (a) and (b) show the waveform of the three-phase grid voltage 
when it increases by 20%. Fig. 9 (b) shows the DC-link voltage 
fluctuations affected by the change in the grid voltage with 
different control methods. When the grid voltage increased, the 
instantaneous DC-link voltage decreased to approximately 4.9, 
3.9 and 3.2 V for the NO-VIC, A-VIC, and MPC-VIC methods. 
Among the abovementioned methods, the MPC-VIC method 
demonstrated the minimum DC-link voltage-drop. 
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Fig. 9. DC-link voltage under grid voltage changes. (a) Three-phase grid-
voltage; (b). DC-link voltage. 

Case 4: DC-link Voltage Under Load Changes. To evaluate 
the DC-voltage stability under load changes, a 10-kW resistive 
load was connected at 0.14 s and removed at 0.21 s (see Fig. 10 
(a)). Fig. 10 (b) shows the DC-link voltage comparison under 
various control schemes; as shown, the DC-link voltage 
decreased by approximately 20.3, 13.6, and 10.7 V for NO-VIC, 
A-VIC, and MPC-VIC, respectively. The proposed MPC-VIC 
reduced the fluctuations by 21.3% and 47.3% compared with 
A-VIC and NO-VIC, respectively.  
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Fig. 10. DC-link voltage and grid current under load variations. (a) Three-phase 
grid current; (b) DC-link voltage with different control methods. 

In Fig. 10 (a), when a resistive load with 10-kW is connected 
at 0.14 and removed at 0.21 s, the amplitude of the grid current 
during this period is reduced, which is because of the following 
reasons: In initial state, the discharging test energy of battery-I 
is fully recovered to the grid. When the load is connected, less 
test energy will be recovered, resulting in a reduction of the grid 
current. To show the power quality of the grid current, its 
harmonic distribution is given in Fig.11. The THD of the grid 
current without and with resistive load are 1.79% and 3.48%, 
respectively, which meets the grid integration requirements. 

From the above four experimental scenarios, it can be seen 
that, when the PABTS DC-MG is influenced by the 
disturbances (for instance, charging and discharge current test 
of the batteries, grid voltage variations, and load changes), the 
DC-link voltage of the system with the proposed MPC-VIC can 
always be maintained stable, the results indicate that the 
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proposed method has the minimum overshoot with fast time 
response comparing with A-VIC and NO-VIC methods. 

 

(a) 

 

(b) 

Fig. 11. THD of the grid current when a resistive load with 10-kW is connected.    

V. CONCLUSION 

To increase the inertia of a DC-MG composed of PABTS, a 
MPC-VIC algorithm is proposed herein to further enhance the 
inertia of the DC-MG. The MPC-VIC control strategy is 
realized by predicting the optimal current variations and 
superimposes it to the current reference for power fluctuation 
compensation. This strategy can further enhance the DC-link 
voltage regulation capability. Compared with the traditional 
inertia-supporting method, the novel MPC-VIC does not 
require any additional ESS. Experimental results indicated that 
the MPC-VIC method certified better dynamic performances in 
terms of DC-link voltage regulation than the NO-VIC and A-
VIC methods, thereby verifying its effectiveness in inertia 
support and DC-link voltage stabilization. In future studies, the 
proposed method can be applied to other DC-MGs. 
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