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Abstract—To enhance the robustness and disturbance rejection 

ability of an on-line uninterruptible power supply (UPS) system, 
an Internal Model Control (IMC)-based DC-link voltage 
regulation method is proposed in this paper. Furthermore, the 
multi-mode operations of the on-line UPS system are investigated 
and their corresponding control strategies are proposed. The 
proposed control strategies are capable of achieving the seamless 
transition in traditional normal mode, PV-aided normal mode, 
enhanced eco-mode and burn-in test mode. Meanwhile, the 
uninterruptible load voltage is promised during the mode 
transition. The small signal analysis is also conducted to 
investigate the stability of enhanced eco-mode and burn-in test 
mode. Finally, extensive experimental results are provided to 
validate the effectiveness of the proposed methods. 
 

Index Terms—Burn-in test Mode; DC-link Voltage; 

Disturbance Rejection; Enhanced Eco-Mode; Internal Model 
Control (IMC);  PV-aided normal mode; Robustness; Seamless 
transfer; Uninterruptible Power Supply (UPS);  
 

NOMENCLATURE 
Parameter       Description ܥ   DC-link capacitance[F] ܥଵ(s)  DC-link set-point tracking controller ܥଶ(ݏ)  DC-link proportional controller ܦ   Droop coefficient ܦ   Droop coefficient ܧ∗   Inverter nominal voltage magnitude [V] ܧ            Inverter reference voltage magnitude [V] ܨ(s)   DC-link disturbance rejection controller ௦݂   Sampling frequency of the system ܩௗ(s)      Model difference between Actual and Reference Model ܩ(s)     Reference model of DC-link ܩ(s)     Actual model of DC-link ܪ(s)  Upper limit of DC-link model uncertainty ܫ   DC-link current ܫ௩   Current at the terminal of the PV panel [A] ܫఈ,ఉ   Output current through Clarke transformation.[A] ݇௩  Proportional gain of voltage controller in DC/AC converter ݇௩  Resonant gain of voltage controller in DC/AC converter ݇  Proportional gain of current controller in DC/AC converter ݇  Resonant gain of current controller in DC/AC converter ݇   Proportional gain of current controller in AC/DC converter 

 
This paper is an extension of a conference paper (Multi-mode operations for 
on-line uninterruptible power supply) presented at APEC 2018,San Antonio, 
TX, USA. Manuscript received January 18, 2018; revised March 13, 2018; 
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݇୰ୡ  Resonant gains of current controller in AC/DC converter ܲ   Instantaneous active power of the UPS system ܲ  The injected DC-link active power [W] ܲ௫௧   External power that flows out of DC link [W] ௧ܲ   Rectifier AC-side terminal power [W] ௦ܲ   Grid side active power [W] ௦ܲ_ Reference active powers [W] ܲி  Active power  through a low-pass filter ܳ   Instantaneous reactive power of the UPS system ܳி  Reactive power  through a low-pass filter ܴ	  Equivalent resistance of total switching loss [Ω] ܴ௩   Virtual resistance in the control of DC/AC converter [Ω] ܸ  DC-link voltage [V] ܸఈ,ఉ Output voltage through Clarke transformation. ܸ௩  Voltage at the terminal of the PV panel [V] ߣଵ   Tuning parameter of  ܥଵ(ݏ) ߣଶ   Tuning parameter of ܨ(ݏ) ω∗  Inverter nominal frequency [rad/s] ω   Inverter reference frequency [rad/s] ω௦௬   Synchronization frequency [rad/s] ߬    Time constant of the low-pass filter. ߮    Power angle  
 
 

I. INTRODUCTION 

ith the increasing infrastructure of data center, 
communication network, and IT servers,  Uninterruptible 

Power Supply (UPS) systems have been widely equipped in 
recent years [1, 2]. According to the IEC Standard 62040-3 [3], 
the UPS systems are categorized as on-line, off-line, and line-
interactive UPSs in the normal mode of operation. The on-line 
UPS system is commonly installed as it isolates the load from 
the grid that may suffer from frequency variation and voltage 
irregularity. An on-line UPS system usually consists of a 
rectifier, one or more inverters, a battery bank with its 
associated DC/DC converter, Transient Voltage Surge 
Suppressor (TVSS),  and a static bypass switch [4]. A multi-
inverter configuration of the on-line UPS is employed for 
applications where a higher reliability and more redundancy are 
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required (see Fig. 1) [5].  
In the Traditional Normal Mode (TNM) operation of an on-

line UPS system, the load power is provided by the combination 
of AC/DC rectifier and DC/AC inverter. Recently, several 
studies have been conducted by integrating fuel cell or multiple 
energy sources into the UPS system [6-9], which claims to 
improve the performance under both normal mode and backup 
mode of operation. Among these studies, [9] proposed a 
seamless transfer control strategy for the fuel cell-based UPS 
system. [6-8] proposed a Super UPS topology, where the fuel 
cell, Photovoltaic (PV) generation, and gas engine are all 
integrated into the UPS system. However, incorporating all 
these energy units into the UPS system inevitably increases the 
client’s economic burden and furthermore, energy management 
of such a system is quite complicated and challenging. In 
addition, considering the slow dynamics of the fuel cell and 
high cost of gas pipeline construction, only integrating the PV 
unit into the UPS system may be a promising solution, as the 
implementation of PV energy helps to reduce the cost of the 
electricity from the grid and it is an eco-friendly generation 
system. Therefore, the PV-aided Normal Mode (PNM) of on-
line UPS system can improve the overall system performance 
considering economic and environmental benefits.  

 
Fig.1. Diagram of the on-line UPS system with multiple inverters 

However, if the PV system is unavailable, i.e., during the 
night, the operation of the on-line UPS system has to return to 
the TNM. To save more energy, the Eco-mode operation in the 
UPS system has recently been proposed by several UPS 
manufacturers [10, 11]. The Eco-mode is similar to the normal 
operation in the off-line UPS system, where the load is directly 
fed from the grid through the bypass switch, and the inverters 
operates in “standby” mode as shown in Fig. 2. Notice that the 
protection device (TVSS) is located between the bypass switch 
and the grid. Hence, during the Eco-mode operation, the surge 
voltage and current have no effect on the local load. This mode 
shows the benefits that the efficiency of the power delivery is 
typically between 98% to 99%, compared to 93%-96% of TNM 
operation [10]. Nonetheless, usually, UPS system provides both 
active and reactive power to the load. If the UPS is operated in 
this Eco-mode, the utility typically charges extra fees for 
delivering the reactive power to the load. Therefore, Active 
Eco-Mode (AEM) or Improved Eco-Mode (IEM) concept is 
proposed by the UPS manufacturers [10, 11], which shows that 
the active power of the load is directly provided by the grid 
while its reactive power is supplied by the inverter of the UPS 
system. For example, in [12], an AEM through the current 
control of inverter is proposed. Since the voltage control 
strategy is implemented for TNM, the load voltage may suffer 

from significant fluctuations during control strategy switch, and 
the smooth transition is greatly affected between TNM and 
AEM. Therefore, an Enhanced Eco-mode (EEM) control 
strategy is investigated in this paper. The proposed EEM 
operation guarantees the inverters are always controlled in 
Voltage Control Mode (VCM) both in the TNM and the EEM 
operation. In this way, the seamless transition between TNM 
and EEM is promised, and, therefore, the output voltage is not 
affected during the transition.   

 

Fig.2 Traditional Eco-mode of on-line UPS system 

In addition, a new UPS system needs to do the burn-in test 
for the quality certification. Traditionally, in the Burn-in Test 
Mode (BTM), the output of the UPS system is connected to a 
resistor bank. This causes an increased energy consumption and, 
therefore, an additional cost for the final product. Therefore, the 
energy saving methods are considered to be important for both 
UPS manufacturers and the utility. Until now, some energy 
saving methods in the BTM have been proposed in [13-15]. [14] 
proposed a BTM method by placing an inductor and a 
transformer between the output of the UPS system and the grid.  
However, the bulky and heavy transformer is quite 
inconvenient for the burn-in test. To overcome this drawback, 
current controlled inverter [13] and open-loop voltage 
controlled inverters [15] have been suggested to replace the 
passive equipment. However, these control strategies are either 
too complicated or trigger the harmonics propagation. 
Moreover, VCM is usually adopted in the TNM, the same 
control mode (VCM) is thus desirable to achieve the BTM . 
Consequently, by applying the same control mode in both the 
TNM and the BTM, the seamless transition could be realized 
and the cost for the wasted energy could be saved.  

Finally, from the discussion as mentioned above, it is noticed 
that all these operation modes (TNM, PNM, EEM, BTM) 
involve the DC-link voltage control. The robust and efficient 
control of the DC-link voltage is highly important, as this link 
plays a key role in the energy transfer from the utility to the DC-
link and further delivering to the critical load. If the DC-link 
voltage is not controlled appropriately, the disturbance caused 
by connecting/disconnecting load may trigger the DC-link 
voltage protection and affect the stable operation of the UPS 
system. In the on-line UPS system, the DC-link voltage is 
regulated by the AC/DC converter, where a dual-loop control 
structure is implemented [16]. The proportional-integral (PI) 
controller is implemented for the outer loop control to maintain 
a constant DC-link voltage. Meanwhile, the synchronous 
reference frame PI controllers or the stationary reference frame 
proportional-resonant (PR) regulators are adopted for the inner 
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loop current tracking [17]. In order to enhance the DC-link 
voltage dynamics in the presence of disturbances, a feedforward 
control is added in the voltage control loop by measuring the 
external power [18]. This method, however, requires additional 
sensors, which may not be desirable from the reliability and cost 
points of view [19-21]. This is particularly true for the UPS 
systems where the “plug and play” function needs to be realized 
by expanding more UPS modules according to the client’s 
requirement [22, 23]. Therefore, a DC-link voltage control with 
sensor-less control strategy needs to be investigated.  

Recently, several observer-based methods have been 
proposed to improve the dynamics of the DC-link voltage with 
a sensor-less control strategy [24-26]. In [25]-[26],  nonlinear 
disturbance observer-based control strategies are implemented 
for DC-link voltage control. However, these methods are highly 
nonlinear and, therefore, difficult to analyze and design. In [24],  
an enhanced state observer (ESO) based DC-link voltage 
control is suggested and offers robust performance and high 
disturbance rejection ability. However, this method highly 
depends on the observer’s bandwidth. In addition, notice that 
all the aforementioned methods are designed in time-domain, 
the frequency domain design methods, which are more familiar 
to the engineers, have not been investigated. The internal model 
control (IMC) method, designed in the frequency domain, has 
shown good reference tracking, disturbance rejection, and 
robustness against the parameter variation. This method has 
been successfully applied in motor control, PV system, and 
DC/DC converters [27-29], but to the best of the author’s 
knowledge,  has not been applied in the DC-link voltage control. 
So, in this paper, the IMC-based control strategy will be 
investigated for the DC-link voltage regulation.  

In this paper, first, the standard IMC-based control strategy 
is derived for the sensor-less regulation of the DC-link voltage 
of the on-line UPS system. Then, a two-port IMC method is 
proposed for the DC-link voltage control, which results in an 
enhanced tracking and disturbance rejection ability. In addition, 
the multi-mode operation for the on-line UPS system is 
investigated and their corresponding control strategies are 

proposed. Based on the proposed control strategies for multi-
mode operation, the on-line UPS system can easily shift its 
operation modes by changing the desired active and reactive 
power reference according to the requirement. The seamless 
transition among different operation modes are also realized 
and the uninterruptible load voltage is promised during the 
mode transition. Furthermore, the small signal analysis is 
conducted to investigate the stability of EMM and BTM. 
Finally, extensive experimental results are provided to validate 
the effectiveness of the proposed methods. 

The rest of the paper is arranged as follows: Section II 
describes the proposed IMC-based DC-link voltage control 
strategy for the on-line UPS system. Section III explained the 
control strategies of multi-mode operation in the on-line UPS 
system, the small signal analysis is also given in this section. 
The extensive experimental results are provided to show the 
effectiveness of the proposed methods in Section IV. Finally, 
the conclusions are given in Section V. 

II. IMC-BASED DC-LINK VOLTAGE CONTROL STRATEGY  

Fig. 3 shows the system diagram of the on-line UPS system 
in this paper, where it consists of the PV panel, the battery, a 
rectifier, several inverters, the TVSS, and DC/DC converters. 
In this diagram, the boost-type and bi-directional DC/DC 
converters are responsible for the PV and the battery’s power 
delivery, respectively. A three-phase PWM full bridge 
converter with an L-type filter is used for the power supply from 
the grid to the DC link. The paralleled inverters achieve the plug 
‘n’ play control with the VCM and power the load up. In 
addition, bypass switch is closed when the UPS system shifts 
its operating mode from the TNM to the EEM or the BTM while 

TVSS promises the surge voltage and current do not affect the 
UPS stable operation during these modes. 

The schematic diagram of the AC/DC converter with its 
associated control strategy for the on-line UPS system is shown 
in Fig. 4. The control diagram consists of cascaded control 
loops: the outer DC-link voltage control loop, which is designed 
in this section, and inner current control loop. Note that the 

 
Fig.3. The diagram of the on-line UPS system 
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general load in Fig. 4 represents the PV, battery, and the inverter 
units. As is shown in Fig. 4, the AC/DC converter is responsible 
for regulating the DC-link voltage. Therefore, a robust control 
strategy of DC-link voltage is quite important for the stable 
operation of UPS system. In the following parts of this section, 
the proposed two-port IMC-based DC-link controller will be 
illustrated.  

 
Fig.4. Schematic diagram of the AC/DC converter with the proposed two-port 

IMC-based DC-link voltage control in PV-aided UPS system 

A. DC-Link Modeling 

In the on-line UPS system, the DC-link voltage, which is 
regulated by the AC/DC rectifier, keeps constant by balancing 
the injected and the output active power of the DC link. 
Therefore, the power balance across the DC link (see Fig.4) is 
expressed as : ௗௗ௧ ܥ0.5) ܸଶ ) = ܲ − ܲ௫௧ − ವమோ = ௧ܲ− ܲ௫௧ − ವమோ      (1) 

where ܸ  is the DC-link voltage, and ܥ  is the DC-link 
capacitance. The injected active power ܲ , which is equal to 
the rectifier AC-side terminal power ௧ܲ,  is expressed as:		 ܲ =ܸܫ .  ܲ௫௧  is the external power that flows out of the DC-link 
capacitor. ܴ	represents the total switching loss in the converter 
circuit. If the instantaneous power of AC-side filter is not 
considered, the AC-side terminal power ௧ܲ is equal to the AC-
side power ௦ܲ. A DC-link voltage model is thus derived and is 
independent of the operating point: 
 ௗௗ௧ ܥ0.5) ܸଶ ) = ௦ܲ − ܲ௫௧ − ವమோ            (2) 

where ܸଶ  and ௦ܲ are the output and control input, respectively. 
Notice that ܲ௫௧  acts like a disturbance here. Taking the Laplace 
transform of both sides of (2) results in: ܸଶ (ݏ) = ଶோோ௦ାଶ ௦ܲ(ݏ) − ଶோோ௦ାଶ ܲ௫௧(ݏ)       (3) 

B. Two Degree of Freedom (2-DOF) IMC-Based DC-link 
Voltage Controller Design 

 

 
Fig.5. The 2-DOF internal model controller structure 

From the discussion of section A, it is found that the DC link 
may suffer from external disturbance, such as: DC link current 
change caused by the connection/disconnection of the load, and 
internal disturbance, such as system parameter variation. 
However, the traditional method such as PI control, may not 
deal with this disturbance effectively. As the two-degree (2-
DOF) IMC-based controller can achieve good performance in 
the external disturbance rejection and internal system parameter 
variation without measuring DC-link external power ܲ௫௧ , this 
control strategy will be applied in the DC link voltage 
regulation.  

Fig. 5 shows the structure of a 2-DOF IMC-based controller 
in the Laplace domain. In Fig. 5, ܩ(s)  is the actual plant, ܩ(s) is the reference model and also named as the internal 
model, ܥଵ(s) and ܨ(s) are the set-point tracking controller and 
the disturbance rejection controller, respectively.  

When the 2-DOF IMC-based strategy is applied to the DC-
link voltage controller, the control diagram is shown in Fig. 6. 
The control structure includes an inner current loop for 
controlling the rectifier output current and an outer voltage loop 
for regulating the DC-link voltage. To avoid a dynamic 
interaction between the inner and the outer loops, the bandwidth 
of the former one is often considered to be much larger than that 
of the latter one. It implies that, during the DC-link controller 
design, the dynamics of the current regulation loop can be 
neglected and assume that ௦ܲ ≅ ௦ܲ_, where ௦ܲ_ and	 ௦ܲ are 
the reference and output active powers, respectively (see Fig. 
6).  

From Fig. 6, the closed-loop transfer function for the DC-link 
voltage is expressed as: Vଶ = భ(௦)ீು(௦)ଵାభ(௦)ிೝ(௦)[ீು(௦)ିீ(௦)] V_ଶ − ீು(௦)[ଵିభ(௦)ிೝ(௦)ீ(௦)]ଵାభ(௦)ிೝ(௦)[ீು(௦)ିீ(௦)] ܲ௫௧    

    (4) 
where V_  is the DC-link reference voltage, V  is the 
regulated DC-link voltage, ܲ௫௧  is the external active power and 

considered as the disturbance. ܩ = ଶோோ௦ାଶ, ܩ is the designed 

reference model, and ܩௗ indicates uncertainty. The relationship 
between ܩ and ܩ is expressed as: ܩ = ܩ +  ௗ                                 (5)ܩ

The purpose of the IMC-based control strategy, by designing 
the controller ܥଵ(ݏ) and ܨ(ݏ), is achieving a robust tracking 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

5

and high disturbance rejection ability in the presence of a 
considerable the uncertainty in the model. According to [27, 30, 
31], the set-point tracking controller ܥଵ(ݏ)  is designed as ܥଵ(ݏ)= 

ଵఒభ௦ାଵ Gିଵ(ݏ)  and thus, promises the robust and fast 

tracking ability. Note that ߣଵ is the tuning parameter of  ܥଵ(ݏ). 
Meanwhile, the disturbance rejection controller ܨ(ݏ)  is 
designed as z. Note as well that ߣଶ is the tuning parameter of ܨ(ݏ).  

If the reference model is equal with actual plant, i.e., G(ݏ) = G(ݏ) , from (4) and (5), the closed-loop transfer 
function for the DC-link voltage is expressed as: Vଶ = ଵఒభ௦ାଵ V_ଶ − ଶோ(ఒభఒమ௦మା(ఒభାఒమ)௦)(ோ௦ାଶ)(ఒభ௦ାଵ)(ఒమ௦ାଵ) ܲ௫௧        (6) 

As the DC-link voltage is controlled at the frequency ݏ = ݆߱ =0, by substituting ݏ = 0 into (6), we have the expression: Vଶ = V_ଶ                           (7) 
Eq. (7) shows that at the steady-state, the 2-DOF IMC control 
strategy is able to track the reference with zero-steady state 
error. In addition, the error of the feedback signal E(s) is 
expressed as: ܧ(s) = ଵభ(௦)ிೝ(௦)൫ீು(௦)ିீ(௦)൯ାଵ V_ଶ + ிೝ(௦)ீು(௦)భ(௦)ிೝ(௦)൫ீು(௦)ିீ(௦)൯ାଵ ܲ௫௧    

(8) 
When there is the difference between the plant ܩ(ݏ) and the 

reference model ܩ(ݏ) , ܧ(s) provides the information of the 
disturbance and the plant mismatch. The robustness can be 
obtained by compensating for the deviation appropriately.  

In this paper, the actual plant is expressed as:	G = ଶோோ௦ାଶ 
and the reference model is expressed as:	G = ଶ௦	, as the ܴ is 

considered as the uncertainty in the system.  
The parameter λଵ  of Cଵ(s)  mainly decides the DC-link 

voltage closed-loop bandwidth. In our system, the DC link 
closed-loop bandwidth is chosen to be 20rad/s, hence, 	λଵ =1/20.In addition, the parameter λଶ of F୰(s) is usually chosen to 
be much smaller than λଵ  to make sure disturbance rejection 

controller’s bandwidth is large enough to detect/reject 
disturbance. but too large bandwidth may interact with current 
controller’s bandwidth, and, as a result, may cause stability 
issue due to the coupling. Moreover, too large bandwidth may 
bring the noise as well, Considering the above requirement, λଶ = 1/200.[31-34].  

C. Stability Analysis 

In this section, the small gain theorem is applied to ensure 
the stability of the system uncertainty. The necessary and 
sufficient condition for the stable system is expressed as : |ܥଵ(ݏ)ܨ(ݏ)|ܪ(s) < 1                          (9) 
where ܪ(s)  is the upper limit (ܪ(s) ௗܩ∆< ), if the model 
mismatch exists, the model error is expressed as: ܩௗ(s) = (ݏ)ܩ −  (10)                            (ݏ)ܩ
So, when ݏ = 0 (0)ܨ , = 1 . By substituting it into (9), the 

following equation can be obtained: |ܥଵ(0)|(0)ܪ < 1                               (11) 

By substituting  ܥଵ(ݏ)= 
ଵఒభ௦ାଵ Gିଵ(ݏ) and ܩௗ(s) = G(ݏ)  into (11) and making some arrangement, the stability (ݏ)ܩ−

requirement can be obtained: หܩିଵ(0)ܩ(0) − 1ห < 1                     (12) 
From (12), it is seen that system is stable under the condition 

that uncertainty value is no more than two times the plant. 

 
Fig.6. The 2-DOF internal model controller structure. 
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D. Two-Port IMC-Based DC-link Voltage Controller Design 

In order to enhance the tracking and disturbance rejection 
ability, a feedback control block Cଶ(ݏ) is added in the 2-DOF 
IMC-based DC-link voltage control diagram by using the two-
port IMC structure [34, 35], as shown in Fig. 7. Note that active 
power reference ௦ܲ_  is limited in practice and the 
relationship between the input u and  ܲ is expressed as: 

ܲ = ቊ |ݑ|																																			ݑ ≤ 	 ܲ_௫ܲ_௫ ∙ |ݑ|								(ݑ)݊݃݅ݏ > ܲ_௫						   (13) 

where ܲ_௫  is the maximum active power reference. The 
controller of ܥଶ(ݏ) is designed as a proportional term, which is 
expressed as: ܥଶ(ݏ) = ݇                                          (14) 

To simplify the analysis of the two-port IMC based DC-link 
control strategy, the saturation block is neglected by assuming: ܲ = ݑ . From Fig.7, the closed-loop expression for Vଶ  is 
expressed as: Vଶ = [భ(௦)ାమ(௦)]ீು(௦)ଵାభ(௦)ிೝ(௦)[ீು(௦)ିீ(௦)]ାమ(௦)ீು(௦) V_ଶ −ீು(௦)[ଵିభ(௦)ிೝ(௦)ீ(௦)]ଵାభ(௦)ிೝ(௦)[ீು(௦)ିீ(௦)]ାమ(௦)ீು(௦) ܲ௫௧     

(15) 
If the internal mode is accurate, i.e.	ܩ(ݏ) =  from ,(ݏ)ܩ

(15), the closed-loop transfer function for the DC-link voltage 
is expressed as: Vଶ = ோ௦ାఒభ௦ାଶାଶோ(ோ௦ାଶାଶோ)(ఒభ௦ାଵ) V_ଶ −ଶோ(ఒభఒమ௦మା(ఒభାఒమ)௦)(ோ௦ାଶାଶோ)(ఒభ௦ାଵ)(ఒమ௦ାଵ) ܲ௫௧        

    (16) 
By comparing (16) with (6), it is observed that the parameter ݇  of controller ܥଶ(ݏ)  can be tuned properly to reduce the 

recovery time in the presence of the load disturbance, i.e., ோଶାଶோ < ோଶ .  

It should be noted the parameter selection of ܥଶ(ݏ) should 
keep the poles of closed loop transfer function in Eq.(15) are all 
located in the left half plane. In addition, the system stability is 
not affected by the saturation block, according to [36],if the 
controller is a proper transfer function with minimum phase, the 
stability will not be affected by the saturation block. In our 
system, the controller Cଵ(s)  satisfies the above requirement. 
But the DC link voltage control transient dynamic performance 
may be affected by the saturation block, which is called windup. 

However, the controller Cଶ(s) of two port IMC based control 
strategy can compensate for the effect of saturation as anti-
windup to improve the tracking performance. [34, 37].  

 

E. Inner loop Current Controller Design 

In this AC/DC converter, the proportional-resonant 

controller is adopted for the inner loop current control, which is 

expressed as: G(ݏ) = ݇ + ೝ௦(௦మାఠభమ)                            (17) 

where ݇ and ݇୰ୡ are the proportional and resonant gains of 
the current controller,  ωଵ  is the grid fundamental angular 
frequency. For the parameter selection, two useful equations 
(18) and (20) can quickly help select the appropriate parameter 
[38], the proportional gain parameter is calculated as: ݇ = α(18)                                         ܮ 

where ߙ is the desired current controller closed-loop 
bandwidth. L is the inductance value of the AC/DC converter. ߙ should be selected to be: α ≤ ఠೞଵ                                                            (19) 

where ߱௦ is the angular sampling frequency, which is expressed 

as: ߱௦ = ଶగ்ೞ = ߨ2 ௦݂, ௦݂ is the sampling frequency of the system. 

Finally, according to the system parameter listed in Table I, ݇ = 7. 
The selection of  resonant gain ݇  can be calculated by the 
suggested formula : ݇ = 2αଵαܮ = 2αଵ݇                             (20) 
where ߙଵ ≪ ଵߙ , in addition, according to the suggestion in [38]ߙ < ߱ଵ . In the system,	αଵ  is selected as αଵ = 30, so, k୰ୡ =2 ∗ 30 ∗ 7 = 420 

III. CONTROL STRATEGIES FOR MULTI-MODE OPERATION IN 

THE ON-LINE UPS SYSTEM 

As previously stated in the Introduction section, when the 
grid is normal, the operation mode is categorized as TNM, 
PNM, EEM and BTM  (see Fig. 8).  On the other hand, these 
modes need to switch to the back-up mode when a grid fault 
occurs. Since this paper mainly focuses on the control strategies 
and their seamless transition between different operating modes 
when the grid is normal, the discussion about the transition 
between the grid normal operating modes and the back-up mode 

 
Fig.7. Block diagram of the modified IMC method for DC-link voltage control 
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is out of scope of this paper. In the following parts of this 
section, the details of the control strategy for these modes will 
be discussed.  
 

 
Fig.8. Operating modes of the on-line UPS system 

 

A. PV-Aided Normal Mode of Operation 

In the TNM operation of the on-line UPS system, the load 
power is provided by the grid though the AC/DC rectifier and 
the DC/AC inverters. When the small rating PV system is 

integrated into the on-line UPS system, the load active power is 
supplied by the combination of the PV system and the grid, as 
shown in Fig.9. Note that the battery has been fully charged and 
operated in standby mode, which means the battery does not 
involve the power supply to the load in the normal mode. The 
PV panel should always be working in Maximum Power Point 
Tracking (MPPT) mode to save the electricity from the grid.  

 

Fig.9. Power flow in the PNM of the on-line UPS system. 

1) Control Strategy for DC/AC Inverters in on-line UPS 
System 

Fig. 10 shows the control strategy of the UPS system in the 
PNM operation. The droop control strategy is implemented for 
the parallel-connected the inverter modules. Due to the short 
distance from the inverter to the load in the UPS system, the 
line impedance is considerably small. And a virtual resistance ܴ௩ is embedded in the control diagram to increase the system 

 
Fig.10. The control strategy of the PNM in on-line UPS system. 
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stability. As the output impedance shows a resistive nature by 
adding the virtual resistance,  ܳ~߱  and ܲ~ܧ  droop control 
strategy is implemented in the control loop [39] and expressed 
as : ω = ω∗ + ܧ ܳி                               (21)ܦ = ∗ܧ − ܦ ܲி                                 (22) 

where ω∗  and ω  are the inverter nominal and reference 
frequency. ܧ∗ and ܧ  are the inverter nominal and reference 
voltage magnitude. ܦ and ܦ  are the droop coefficients for the 
controlling the output active power ܲி  and reactive power ܳி  through a low-pass filter, respectively. The calculated 
active power ܲி and reactive power ܳி are expressed as: ܲி = ଷଶ(ఛ௦ାଵ) ( ܸఈܫఈ + ܸఉܫఉ)                   (23) ܳி = ଷଶ(ఛ௦ାଵ) ( ܸఉܫఈ − ܸఈܫఉ)                   (24) 

where ߬ is the time constant of the low-pass filter. ܸఈ  and ܸఉ  
are the output voltage through Clarke transformation. ܫఈ  and ܫఉ  are the output current through Clarke transformation. 

In addition, in order to achieve excellent reference tracking 
in the output voltage and limit the inductor’s current during the 
transients as a protection feature, a dual-loop strategy with outer 
voltage proportional resonant (P+R) control and inner current 
proportional resonant (P+R) control strategy is adopted in the 
paper. These two controller are expressed as: G௩(ݏ) = ݇௩ + ೝೇ௦௦మା(ఠ)మ + ∑ ೡ௦௦మା(ఠ)మୀହ,                (25) G(ݏ) = ݇ + ೝ௦௦మା(ன)మ                    (26) 

where ݇௩  and ݇  are the proportional terms, ݇  and ݇  are 
the resonant term coefficient at ω . ݇௩  is the resonant 
coefficient term for the hth harmonics  (h=5th, 7th ). The inner 
current loop is designed to provide a sufficient damping and 
protect the inductor’s current from an overcurrent. Finally, it 
should be noted that if the nonlinear load is connected as the 
sensitive loads, the harmonic compensator should be added in 
the voltage controller of DC/AC converter to enhance the 
harmonic rejection ability of the output voltage[23]. Note that 
the control strategy for the rectifier has been shown in Fig. 4 
and is not reiterated in this section. 
2) PV System and the Control Diagram 

The PV panel is operated in the MPPT as shown in Fig. 10, 

where the power of the PV panel is expressed as: P௩ = ܸ௩ܫ௩                                    (27) 
Where ܸ௩ and ܫ௩ are the voltage and current at the terminal of 
the PV panel. Several MPPT algorithms, such as: Perturb & 

Fig.12. The control Strategy of the EEM operation in on-line UPS system. 

 
Fig.11. Power flow in the EEM of the on-line UPS system. 
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Observe (P&O), Hill Climbing algorithm [40] and fuzzy based 
method [41] can be applied into the system to extract the 
maximum power. Moreover, in order to regulate the PV output 
voltage and prevent PV output overcurrent, the dual-loop PI 
controller is adopted in the system (Fig.10). It should be pointed 
out that the complex algorithm of MPPT algorithm is not 
discussed here as it goes beyond the scope of this paper.  

B.  Enhanced Eco-Mode and Seamless Transition 

When the PV system is unavailable, the UPS system 
operating mode may transfer from the TNM to the EEM. The 
active power of the load in the EEM is directly supplied by the 
grid and its reactive power is provided by the DC/AC inverter, 
as shown in Fig. 11. Moreover, the transition between the TNM 
and the EEM  should be seamless. In other words, the UPS 
output voltage should not have abrupt amplitude or frequency 

change during the transition.   
The proposed control strategy of the EEM operation is shown 

in Fig. 12, where the integral term  
௦ is added in the ܲ~ܧ droop 

control strategy to achieve the active power tracking without a 
steady-state error. Hence, by setting the active power reference 
to be zero, the inverter is forced to deliver no active power. In 
other words, the  active power of the load is fully supplied by 
the grid. Meanwhile, if multiple inverters cooperatively provide 
the reactive power to the load, the reactive power reference of 
the droop control strategy in each inverter should be ܳ, =ଵே ܳௗ. So, the droop control strategy in the EEM is expressed 

as: ܧ = ∗ܧ + )ܦ ܲி − 0) + ௦ ( ܲி − 0)                      (28) ω = ω∗ − ொ൫ܳிܦ − ܳ,൯ + ω௦௬                           (29) 

 

(a)                                                                                     (b) 

Fig.13. The power flow in the BTM operation for the on-line UPS system. (a) no load condition (b) local load condition.  

 
Fig.14. The control Strategy of the BTM operation in operation in the on-line UPS system. 
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By the comparison of Eq.(21-22) and Eq.(28-29), it is easy 
to observe that when the gain k and ܳ,  are both set to be zero, 
the EEM operation returns to the TNM operation. Therefore, 
the seamless transition can be realized by setting the desired 
value of the parameter ݇  and ܳ, . Notice that the 
synchronization term ω௦௬  is added in (29), as all the DC/AC 
inverters should synchronize with the grid before bypass switch 
close. In this paper, the synchronization method proposed in [42] 
is applied for voltage and phase synchronization. Finally, it 
must be emphasized that the grid fault detection methods [43-
45] should be applied in the system to protect it against grid 
faults. And the EEM has to be switched to the back-up mode in 
case of grid fault. As this topic is out of the scope of this paper, 
the details will not be illustrated.  

C. Burn-in Test Mode and Seamless Transition 

The power flow of the BTM is shown in Fig. 13. Specifically, 
at no load condition (see Fig.13 (a)), the active power drawn 
from the grid is fed back again through the bypass switch. On 
the contrary, when the local load is connected to the UPS 
system, the power flow is shown in Fig. 13(b), where the active 
power drawn from the grid flows to the local load and delivers 
back to the grid, respectively.  

The proposed control strategy of the BTM operation is 
depicted in Fig. 14. Notice that the control strategy is very 
similar to that of the EEM. The expresison of the droop control 
strategy in this mode is shown as: ܧ = ∗ܧ + ൫ܦ ܲி − ܲ,൯ + ௦ ൫ ܲி − ܲ,൯       (30) ω = ω∗ − ொ൫ܳிܦ − ܳ,൯ + ω௦௬                 (31) 

where ܲ,  and ܳ,  are the reference active and reactive 

power, respectively. The integral term  
௦   forces the output 

active power to follow the reference one; meanwhile, the 
reactive power reference for each inverter and  is determined by 
calculating the load reactive power and have the relationship ܳ, = ଵே ܳௗ . It is pointed out that at no load condition, 

reactive power reference should be set to zero (ܳ, = 0). 
From the discussion above, the BTM can be easily realized by 
changing the reference of droop control from the TNM as well. 
In this way, the seamless transfer among different mode can be 
realized without affecting the output voltage of the UPS system.  

D. Small-Signal Modeling and Analysis 

From the discussions of the Section III.B and III.C, it is 
observed that the EEM and the BTM can be achieved with the 
same control strategy by adjusting the different reference value. 
Therefore, in this section, the system small-signal stability of 
the EEM and the BTM operation is investigated. First, the 
power flow of the UPS system through a general line 
impedance is obtained as [46]: ܲ = ቀா (߮)ݏܿ	 − మ ቁ ∙ cos(ߠ) + ா ܳ (32)    (ߠ)݊݅ݏ(߮)	݊݅ݏ = ቀா (߮)ݏܿ	 − మ ቁ ∙ sin(ߠ) − ா ܲ	where (33)    (ߠ)ݏܿ(߮)	݊݅ݏ  and ܳ  are the instantaneous active and reactive 

power of the UPS system that flows out of the general line 
impedance. E and V are the amplitudes of the inverter output 
voltage and the common bus voltage, respectively, and ߮ is the 
power angle. ܼ and ߠ are the magnitude and phase of the output 
impedance.  

Considering that the line impedance most often demonstrate 
a resistive characteristic in the UPS applications, the power 
flow of the UPS system can be expressed as: ܲ = ோ (߮)ݏܿ	ܧ) − ܸ) ≅ ோ 	ܧ) − ܸ)               (34) ܳ = −ாோ (߮)	݊݅ݏ ≅ − ாோ ߮                             (35) 

Accordingly, the active and reactive power variation 
according to the UPS voltage amplitude and phase angle 
disturbance can be obtained by: Δܲ = ቀడడாቁ Δܧ + ቀడడఝቁ Δφ = ݇ாΔܧ + ݇ఝΔ߮           (36) Δܳ = ቀడொడாቁ Δܧ + ቀడொడఝቁΔφ = ݇ொாΔܧ + ݇ொఝΔ߮           (37) 

where the operator Δ  indicates a small-signal perturbation 
around the UPS’s operating equilibrium point.  

When there are some power fluctuation during the EEM or 
the BTM, expanding the proposed control strategy in  (28)-(29) 
or (30)-(31) results in the small signal responses of the UPS 
voltage, which are expressed as: ΔE = Δܦ− ܲி − ௦ Δ ܲி                          (38) Δω = ொΔܳி                                            (39) Δܦ ܲி = ଵఛ௦ାଵ Δܲ                                           (40) Δܳி = ଵఛ௦ାଵ Δܳ                                           (41) 

where ߬ is the time constant of the low-pass filter in the active 
and reactive power calculation. 

Considering that Δθ = ଵ௦ ∙ Δω , and by the simple 

manipulation of (36)-(37), the dynamic performance of the UPS 
system in the EEM or BTM operation yields the following 
expression: 

ଶ×ଶܯ) − ଶܰ×ଶ ∙ (ଶ×ଶܮ ∙ [Δܧ; 	Δ߮]் = 0             (42) 

where ܯଶ×ଶ = ݏ߬)ݏ + 1) 00 ݏ߬)ݏ + 1)൨, ଶܰ×ଶ =
−(ܦݏ + ݇) 00 ଶ×ଶܮ ,ொ൨ܦ = ቈ݇ா ݇ఝ݇ொா ݇ொఝ 

The eigenvalues of (42) show the small-signal response of 
the UPS system during EEM and BTM. In addition, notice that 
when k=0, the matrix ଶܰ×ଶ is expressed as: 

ଶܰ×ଶ = −ܦݏ 00  ொ൨                                (43)ܦ

the corresponding matrix of (43) indicates the behaviour of 
the UPS system in TNM and PNM operation. 

The performance of the system with the different value of the 
parameter ݇  is evaluated and shown in Fig.15. With UPS 
system parameters listed in the Table I, Fig.15 shows the root 
locus of the proposed control strategy, where the droop control 
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coefficient is fixed while the parameter ݇ varies from 0.0033 to 
0.0213. As illustrated, it is a fourth-order system and dynamic 
performance is mainly determined by the dominant poles of λଵ 
and λସ. It can be observed that when  ݇	is increased from 0.0033 
to 0.0213, the system stability is improved but has a 
underdamping response. Therefore, the selection of parameter ݇ involves a tradeoff between the system stability and damping 
response. In order to obtain the satisfied system damping and 
stability performance, the parameter ݇ is selected as 0.007. 
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Fig.15. Root Locus with the proposed control strategy when the 

parameter changes: 0.0033 < ݇ < 0.0213 

IV. EXPERIMENTAL  RESULTS 

In order to validate the feasibility of the proposed DC-link 
voltage control strategy and multi-mode operation of the on-
line UPS system, the system diagram shown in Fig.10 is built 
up and shown in Fig.16. The setup consists of an AC/DC 
converter, a DC/AC inverter, PV unit and the bypass switch.  
The DC bus is formed by the DC-link capacitors. 

The control algorithm is implemented in dSPACE 1006 
platform for real-time control. System parameters are listed in 
Table I. Waveforms are captured by the oscilloscope. 

TABLE I.  SYSTEM AND CONTROLLER PARAMETERS 

System Parameters 
Filter Inductor ܮ 1.8mH 
Normal DC link Capacitor 0.011ܨ 

Sampling frequency  ௦݂ 10kHz 

Switching loss ܴ 1000Ω 

DC load  230Ω 
Electrical Parameter of the AC/DC and DC/AC Converter 

Converter Rating 1kVA 
Phase-to-phase RMS Voltage 208V 

Peak phase current 4.4A 
DC link voltage  500V 

DC-link Voltage Control and Current Control Parameters 1ߣ of set-point controller 120 2ߣ  of disturbance rejection 
controller 

1200 ݇ of the controller ܥଶ(ݏ) 0.2 

Current controller ݇ 7 
Current controller ݇ 420 
DC-link Voltage Control Comparative Study Parameters 

Proportional Controller 0.02 
Integral Controller 0.1 

Droop Coefficient 
Frequency droop ܦ 0.0001 
Voltage droop ܦ 0.00005 

Integral term k 0.007 
Voltage Control Parameter 

Proportional gain݇௩ 0.2 
Resonant gain ܭ௩ 100 

Current controller Parameter 
Proportional gainܭ 7 
Resonant gain ܭ 500 

A. DC-link Voltage Control Strategy. 

First, the effectiveness of the proposed IMC-based DC-link 
voltage control strategy is verified by using the AC/DC 
converter of the setup in Fig.16. The PR controller is employed 
for inner loop current tracking while the two-port IMC-based 
DC-link voltage controller is implemented for the DC-link 
voltage regulation (see Fig.4). To further highlight the 
effectiveness of the proposed method, experimental 
comparisons are conducted among the traditional PI-based DC-
link voltage controller, standard IMC-based control strategy, 
and the proposed IMC-based DC-link voltage controller with 
the same closed-loop bandwidth [10]. In the experiment, the 
DC-link voltage reference is set to be 500 V. A 230Ω resistive 
load is connected to the DC link to examine the controller’s 
performance from no load to full load condition. This load is 
suddenly connected to the DC link to examine the controller’s 
disturbance rejection ability. In addition, to emulate the 
variation of the DC-link capacitance, a different value of 
capacitance (0.0022F) is considered as the equivalent 
capacitance change as well.  

 
Fig.16. Configuration of the setup 

First, the DC-link capacitance is 0.0011 F; the disturbance is 
generated by disconnecting a 230Ω resistor from the DC link, 
the DC-link voltage performance under the PI control strategy, 
standard IMC control strategy and the proposed IMC control 
strategy are compared in Fig.17 and summarized in Table II. 
Specifically,  it is observed that with PI control strategy, the 
voltage drop is 60V with 1s of recovery time. By applying 
standard IMC control strategy to the DC-link voltage regulation, 
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the voltage drop has reduced to 40 V with almost the same 
recovery time. On the contrary, when the proposed two port 
IMC based control strategy is applied in the DC-link voltage 
regulation, the voltage drop reduced to 37V with 0.6s recovery 
time. Then, the DC-link capacitance has changed to 0.0022F to 
emulate the DC-link capacitance variation. By employing the 
PI control strategy, the voltage drop on the DC link is 50V with 
0.8s recovery time with. Meanwhile, when the standard IMC 
control strategy is applied to the DC-link regulation, the voltage 
drop reduced to 30V with the recovery time of 0.6s. Finally, 
when the proposed control strategy is implemented in the DC-
link, the voltage drop is the same as that with Standard IMC 
control strategy but the recovery time has shortened to 0.4s.  

Overall, compared with the other two methods, the proposed 
two port IMC based control strategy can significantly reduce 
the voltage drop and reduce the recovery time under the 
disturbance. 

TABLE II. COMPARISON AMONG THE DIFFERENT CONTROL STRATEGY IN 

RESPONSE TO THE LOAD STEP 

Method Voltage drop Recovery time 
PI control strategy (1100uF) 60 V 1 s 

Standard IMC (1100uF) 40 V 1s 
Proposed IMC (1100uF) 37V 0.6s 

PI control strategy (2200uF) 50 V 0.8 s 
Standard IMC (2200uF) 30 V 0.6s 
Proposed IMC (2200uF) 30V 0.4s 

 

B. Multi-Mode Operation of the on-line UPS system.  

1) Transition between TNM and PNM operation of the on-
line UPS system 

In this section, the schematic diagram with the proposed 
control strategy in Fig.10 is tested with the setup in Fig.16. 
Fig.18 shows the active and reactive power waveforms between 
the TNM and the PNM operation. As can be observed in Fig.18, 
the load active and reactive power are respectively  Pௗ=700W and Qௗ =120Var. At the TNM operation, the 
active power delivered from the grid is P = 800ܹ  (blue 
waveform). Notice that the difference between P and Pௗ  is 

caused by the power loss in the UPS system. When the 
operation mode shifts to the PNM from TNM, the PV output 
active power is 250W (cyan waveform), so the active power 
delivery from the grid drops to the 550W. When the PV is 
unavailable, the operation of UPS system return to the TNM 
again, and the active power delivery from the grid increases to 
800W again, as shown in Fig.18. Meanwhile, it is observed that 
the load active power and reactive power (green waveform and 
purple waveform) does not change during the transition. Finally, 
the load voltage waveform during the transition is shown in 
Fig.19, where the load voltage is uninterruptible during the 
transition.  
 

 
Fig.18. Active and reactive power in transfer between TNM and PNM 

operation. 

 
Fig.17. The performance of PI controller and standard IMC control strategy and proposed IMC control strategy under load disturbance. 
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Fig.19. Load voltage in transfer between between TNM and PNM operation 

2) Transition between TNM and EEM operation of the on-
line UPS system 

In this test, the seamless transition between the TNM and the 
EEM is evaluated. As shown in Fig. 20(a), when the operation 
mode of the UPS shifts from TNM to EEM, the load active 
power provided by the inverter drops to zero (blue waveform), 
and the 520W of active power is directly provided by the grid 
through the bypass switch (purple waveform). Meanwhile, the 
reactive power is still powered by the inverter (cyan waveform). 
On the contrary, when the operation mode of the UPS shifts 
from the EEM to the TNM, the load active power is delivered 
from the inverter and the active power goes through the bypass 
switch decreased to zero. Fig.20 (b) and (c) shows the load 
voltage waveforms during the transition, it is indicated that the 
load voltage is uninterruptible and the whole transition is 
seamless. 

 
Fig.20. Waveform of transition between the traditional normal mode and the 
Enhanced Eco-mode.(a) overall waveform (b) Zoomed-in waveform from 
traditional normal mode to the Enhanced Eco-mode.(c)Zoomed-in waveform 
from Enhanced Eco-mode to the traditional normal mode. 
3) Transition between the traditional normal mode and the 
Burn-in test mode of the on-line UPS system 

(a )Case:1  No Load Condition. 

At no load condition, when the UPS system transfer its 
working mode from the normal mode to the burn-in test mode, 

the energy drawn by the inverter should feed back into the grid. 
In case 1, the output active power of the inverter is set to be 
500W (blue waveform), as no load is connected with the UPS 
system, the 500W of output active power is fed back into the 
grid through the bypass switch (Fig.21 (a)). Meanwhile, the 
load voltage during the transition is shown in Fig.21 (b) and (c), 
where it is observed that the seamless transition is realized as 
the output voltage has no abrupt change in voltage amplitude 
and frequency.   

 
Fig.21. Waveform of transition between the traditional normal mode and the 
Burn-in test mode at no load condition.(a) overall waveform (b) Zoomed-in 
waveform from traditional normal mode to the Burn-in test mode.(c) Zoomed-
in waveform from the Burn-in test mode to the traditional normal mode. 

(b) Case:2   R-L Load is connected during the transition 

When the R-L load with 550W of active power and 120Var 
of reactive power connecting at the UPS system, as can be seen 
in Fig.22 that the inverter provides the load power. when the 
UPS system transfer its working mode from TNM to BTM, the 
active power drawn by the inverter is set to be 850W (blue 
waveform), the extra 300W of output active power is fed back 
into the grid through the bypass switch (Fig.22 (a) purple 
waveform). Meanwhile, the load voltage during the transition 
is shown in Fig.22 (b) and (c), where it is observed that the 
seamless transition is realized as the output voltage has no 
abrupt change in voltage amplitude and frequency.   
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Fig.22. Waveform of transition between the traditional normal mode and the 
Burn-in test mode at R-L load condition.(a) overall waveform (b) Zoomed-in 
waveform from traditional normal mode to the Enhanced Eco-

mode.(c)Zoomed-in waveform from Enhanced Eco-mode to the traditional 
normal mode. 

V. CONCLUSION 

In this paper, the multi-modes of operation for the on-line 
UPS system is proposed. First, the sensor-less IMC based DC-
link voltage control strategy has been presented to provide a 
robust power delivery in the multi-modes of operation. Second, 
some control strategies for PV-aided normal mode, Enhanced 
Eco-mode and the Burn-in test mode are respectively presented 
to achieve the seamless transition in different modes of 
operation. With the application of these three mode, the cost 
charged from the grid can be greatly reduced. In addition, these 
modes of operation can be easily achieved by adjusting the 
reference value of the inverter in the on-line UPS system. The 
experimental results showed the effectiveness of the proposed 
control strategies.  
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