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Abstract—A conventional UPS consists of a diode-bridge rectifier, a DC link capacitor, an inverter, and a battery system. In most on-line UPS systems, the batteries are charged during normal operation from the grid and discharged during emergency situations. Since one of the most important components in a UPS is the battery system, for safety issues, many battery chargers are required to have electrical isolation. In this paper a three-phase on-line UPS system with isolated bidirectional battery charger is proposed. A suitable dual feedback control strategy is developed for the inverter to reduce grid voltage fluctuations. Isolated battery charger would increase UPS flexibility and ensures required safety issues. Furthermore, a simple soft charger circuit is utilized to mitigate DC link inrush peak current. The basic principles of the developed system and control algorithms have been discussed in detail. UPS efficient performance is confirmed using system simulation in MATLAB/Simulink software.
Keywords- Isolated Battery Charger, Capacitor Soft Charger, Uninterruptible Power Supply (UPS)
I.  Introduction (Heading 1)
With recent developments in electrical power technologies, the power system networks and utilities have changed considerably. Furthermore, the power system loads have changed and instead of the robust electrical loads, the main body of grid load in recent years is made of electronic devices such as data centers, medical/life support systems, flight control systems, adjustable speed drives, etc. [1, 2]. Due to the increased sensitivity of electrical loads, a power supply with high reliability is more important than ever. Hence, Uninterruptible Power Supplies (UPS) are utilized to act as high quality emergency power supplies with very high reliability. During Voltage Fluctuations or total power interruption, energy is provided by a reliable energy storage system (ESS), such as batteries, Fuel Cells (FCs) or any other energy sources [3, 4].

Lead-Acid battery systems are one of the most conventional Energy Storage Systems. They have relatively good response time and economically cost effective but they have low life cycle, low terminal voltage, low power density and higher volume and weight [5]. Furthermore, safety and maintenance issue of these systems should be considered. Another source of energy is fuel cell which is considered to be a reliable emerging source. They are cleaner with higher efficiency, power density and durability [6]. The main drawback in Fuel cell based ESSs is the slow dynamic response to immediate load changes. Also compared to Lead-Acid batteries, they cost more than five times the battery system does [7]. Another energy storage device is Super-Capacitor (SC) based ESS. Compared to typical capacitors, supercapacitor have considerably higher energy storage capability and has energy density about one-fifth of a battery energy storage capability [8]. They are more expensive than batteries with lower voltage ratings, but higher life-span, lower losses, significantly higher power density and fast dynamic response are some of SCs’ advantages that cannot be ignored [9]. In most recent ESSs, to overcome individual shortcomings of any type of energy storage device, a hybrid combination of them is utilized. A FC-SC system, would remedy the slow dynamic response of the FCs and lower energy density of SCs [1]. Using Batteries combined with SCs would solve the low power density of the standalone battery systems [8]. Hence the only issue remaining is the cost and application requirement.
With recent developments in Li-Ion battery technologies of their energy density, power density, typical weight and volume is now much superior than Lead-Acid batteries and they are popular choice in most applications [5, 10]. Although compared to Lead-Acid technologies, they have higher costs, but their cost is relatively lower than FC and SC based systems [7, 9]. Hence in application that very high instantaneous power is not require, Li-Ion battery system can be a reasonable choice.
A conventional UPS consists of a diode-bridge rectifier, a DC link capacitor, an inverter, and a battery system. In most on-line UPS systems, the batteries are charged during normal operation from the grid and discharged during emergency situations. Since, one of the most important aspects in a battery system is the charging system. To satisfy safety issues, many battery chargers are required to have electric isolation [11]. Hence, a high frequency transformer can provide the required isolation. Another advantage of a transformer is the voltage level control that would remedy the need for numerous battery cell cascade connections in order to obtain necessary voltage levels [12, 13].
In this paper an on-line three-phase UPS with isolated battery charger is proposed. The UPS consists of diode-bridge, DC link capacitor, soft charger circuit (SCC), battery system, inverter, and a three-phase transformer. In Figure 1(a), the proposed UPS structure is shown. The diode-bridge and capacitor would provide a low ripple DC voltage. The DC link soft charger circuit is used to mitigate initial inrush current of discharged capacitor. Figure 1(b) shows the soft charger circuit. The three-phase inverter would use Sin-Wave Unipolar Pulse Width Modulation (SUPWM) to produce the desired AC voltage. The Three-phase transformer would provide galvanic isolation and regulate voltage to the suitable levels. The LC filter and transformer is used to filter-out unwanted harmonic components of the inverted voltage. The battery charger topology consists of two H-bridge converter, high-frequency transformer, and a bidirectional buck-boost converter. In addition to increased safety, transformer improves the voltage level controllability. In Figure 1(c) circuit diagram of the bidirectional isolated battery charger is shown.
The main objective of this paper is to propose a complete UPS system structure and develop a suitable control strategy. Hence, in this paper a UPS topology with isolated battery charger is presented. In section II, the basic operation and control strategy of the developed UPS is presented. Section III shows circuit analysis and design considerations. To verify the suitable performance of the developed UPS and confirm system analysis, simulation results are presented in section IV. Finally, section V concludes the paper with a summery.
II. UPS operation and control strategy
In this section, principle operation of different parts of the UPS system is explained and the control strategies are presented. In general, UPS operation can be categorized to normal and fault mode of operation. During the normal operation, grid supplies the load while the batteries are charged by the charger. When a fault is detected, the grid is disconnected from the UPS and batteries supply the load using the bidirectional charger.
A. UPS Initial switching 

The instance that the UPS is connected to the grid, the main switch is turned on. The discharged DC link capacitor act as short circuit and would draw large inrush current that may be harmful to UPS components and cause malfunction in protection devices. To limit the initial capacitor current, a SCC is added in series to capacitor charging path. During the initial moments of energization, the charging switch is open and resistor limits the current magnitude (as shown in Figure 2(a)). When the capacitor is charged to a minimum voltage level, the charging switch bypasses the charging resistor (as shown in Figure 2(b)). Figure 2(c) shows control diagram of the SCC, where Vlimit is the minimum voltage level.
B. Normal Operation
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During normal operation main switch and charging switch are on and the resistor is bypassed. Grid supplies the load with a high quality voltage and batteries are charged with CC charging algorithm. In this mode, the diode-bridge rectifies the input voltage. A suitable DC link capacitor is used to act as the intermediary energy storage device and smooth out the DC voltage ripples. The three-phase inverter would invert the DC voltage to three phase AC voltage using SUPWM. In order to reduce voltage fluctuations, the modulation index (ma) is constantly updated using feedback results from load rms voltage and DC link terminal voltage, as shown in Figure 3. In ideal condition where DC voltage is equal to reference value, with a 0.7 modulation index (ma=0.7), the desired amplitude for load voltage is achieved. In order to have an output load voltage synchronized to the grid, the carrier signals for the SUPWM controller is calculated using a three-phase PLL. With multiplying the synchronized three-phase unity amplitude signal by ma, the reference signal for the SUPWM controller is obtained. In Figure3, control diagram of the developed modulation index control algorithm is shown. As shown in Figure 3, a Low Pass Filter (LPF) is used to reduce voltage fluctuations in VC. It should be noted that all the input variables are in per unit.
During normal operations, the batteries can be charged using the isolated battery charger. As shown in Figure 1, the isolated battery charger consists of two major power conversion stages. The first stage is an isolated bidirectional DC-AC-DC converter and the second stage is a bidirectional DC-DC converter. 

During battery charging, the H-Bridge1 (HB1) works as an inverter and the H-Bridge2 (HB2) is a diode-bridge rectifier. The high frequency transformer provides electric isolation and desired voltage ratio for energy exchange between battery module and DC link capacitor. In Figure 4, control diagram of the DC-AC-DC converter during normal operation is shown.
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In normal operation, the DC-DC converter acts as a buck converter that controls battery charging current. Figure 5 Shows control diagram of the converter during buck operation. During this mode, batteries are charged with constant current. When the batteries are fully charged, charge-signal is set to one and charging stops. A LC low pass filter is used to reduce battery charging current ripples. During normal operation, S32 switch is off.
C. Fault Condition

During this mode, the UPS is disconnected from the grid and batteries are supplying the critical loads. Upon fault detection the main switch opens and disconnects the grid from the DC link capacitor. While the battery charger output reaches steady state operation, DC voltage would dip and then overshoots, but due to the feedback loops the three-phase inverter output remains constant.
In the DC-AC-DC isolated converter, HB2 is a single-phase inverter with SUPWM control and HB1 acts as diode-bridge rectifier. Control diagram of the DC-AC-DC converter during fault condition is similar to normal operation, where HB1 and HB2 have switched their places. Figure 6 shows control diagram of HB1 and HB2 during this mode.
During fault condition, in order to maintain DC link voltage at desired level, the DC-DC converter should boost the batteries voltage to a reference value. As shown in Figure 7, output voltage of the DC-DC converter is controlled using a single loop PI controller. In order to deliver constant power, as the battery module voltage reduces, its current increases. When the batteries are discharged to their limit, the discharged-signal is set to one and discharging stops. Control diagram of the DC-DC converter during fault condition is shown in Figure 7. During this mode, S31 is always off.
III. UPS consideration design
In designing the UPS parameters, a compromise between cost, size, and efficiency has been considered. The main specifications of the proposed UPS are shown in Table I.
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Considering minimum voltage ripple of 2% for the DC link voltage, Cdc can be calculated. Using (1), DC link capacitor can be calculated.
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Considering maximum output power to be 7.5 kW and desired DC voltage to be 510 V, Cdc link is 5 mF. DC link capacitor of the HB2 can be calculated using (2), where f is the AC voltage frequency, Vripple is maximum acceptable voltage ripple. Considering Vdc,HB2 to be  60 v, Ibattery to be 2 A, and f equal to 10kHz, Cdc, HB2 is 200 μF.
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To design the DC-DC output filter, low ripple charging current is essential. Considering 2% maximum ripple, The LC filter can be calculated using:
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Where D is S31 duty cycle, Vdc2 is the rectified voltage of HB2, fs is switching frequency, resr is the battery stack internal resistant, and Δibattery is the maximum acceptable battery current ripple.

To obtain maximum value of C, considering D=0.5, maximum ESR value of 0.1 Ω and ripple current of 0.1 A, Lf1 and Cf1 can be calculated. If Lf1 is 500µH, then Cf1 would be 1.56 mF. Also to design Lf2 and Cf2 low pass filter parameters, (3) can be used.
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Selecting Lf2 to be 100μH, Cf2 would be 316.6 nF.

IV. Simulation Results
To confirm the validity of the circuit analysis and verify feasibility of the proposed UPS, computer simulations using MATLAB/Simulink software were performed. Table II shows simulated system components. T1 and T2 Transformers’ parameters are presented in Table III.
Due to interesting capabilities of Li-Ion batteries such as superior energy density, higher terminal voltage, and very low self-discharge [14], a 36 V and 20 Ah Li-Ion battery module is selected. Initial State of Charge (SOC) of the battery is considered to be 30%.
Paper results are presented during all three modes of operation.
A. UPS initial switching

When the UPS is connected to the grid for the first time, DC link capacitor is discharged, which would result to high initial current. To mitigate initial peak current, a simple soft charging circuit is connected in series to capacitor current path. In Figure 8, capacitor current for initial switching with and without the SCC is shown. Current peak mitigation ratio with and without the SCC is 3.33. This ratio decreases as the charging resistor is increased.
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During normal operation, load is supplied by the grid. In Figure 9, voltage and current load waveforms are shown. Figure 10 Shows the DC link voltage, calculated modulation index, and rms line-line load voltage with and without voltage feedback. As seen in Figure 10, when the DC voltage is close to reference value, modulation index is about 0.7.
Considering a constant current charging algorithm for battery, Figure 11 Shows battery current, voltage, SOC and also capacitor voltage (Vdc,HB2) during normal operation. Battery current charging ripple is 1% and maximum Vdc,HB2 ripple during normal operation is less than 0.5% that is well within the designing criteria.
C. Fault condition

When error is detected, UPS main switch opens and DC link is disconnected from the grid. In this mode, battery charger maintains the suitable DC voltage level using a voltage loop. Similar to normal operation, Figure 12 shows voltage and current load waveforms. Error signal is detected at t=0.5 sec. In Figure 13, DC link voltage, calculated modulation index, and rms line-line load voltage are shown. As can be seen, DC voltage dips at fault occurrence, but due to modulation index correction, voltage drop in the load side is mitigated. Maximum voltage drop in the load side is 5 V that is 1.3%. Also in this mode, capacitor voltage ripple is less than 5 V.
In Figure 14, battery current, voltage, SOC and also capacitor voltage (Vdc,HB2) during fault condition is shown. As shown in Figure 14, DC-DC converter boosts battery voltage in order to maintain DC link voltage at a suitable level.
V. Conclusion
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In this paper a three-phase on-line UPS system with isolated bidirectional battery charger is proposed. UPS rectifies grid voltage using a bridge rectifier. The DC voltage is then converter to AC using a three-phase inverter. A suitable dual feedback control strategy is developed to reduce grid voltage fluctuations. The isolated battery charger charges the battery during normal operation and supplies the load power during fault condition. A simple soft charger circuit is utilized to mitigate DC link inrush peak current. The basic principles of the developed control algorithms have been discussed in detail. UPS performance was confirmed using system simulation in MATLAB/Simulink software.
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Some interesting features of the developed UPS are as follows:

· Isolated battery charger would increase UPS flexibility and ensures required safety issues.

· Developed control algorithm of the inverter reduces the output voltage fluctuations

· Suitable battery charging algorithm increases battery life cycle and improves system performance
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Figure.  1. Proposed on-line three-phase UPS with isolated battery charger: (a) Overall topology; (b) DC link soft charging circuit; (c) Isolated Battery Charger topology
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Figure  3. Control diagram of the three-phase inverter
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Figure  2. Soft charger current path and control diagram: (a) when resistor is connected; (b) when resistor is bypassed; (c) control diagram
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Figure  5. DC-DC converter control diagram during buck operation





�


Figure  4. Control diagram of the DC-AC-DC converter
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Figure  6. Control diagram of HB1 and HB2
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Figure  7. DC-DC converter during fault condition





Table II: Simulated system components


Components�
Value�
Unit�
�
�
�
�
�
Diode forward voltage�
0.8�
V�
�
Diode conduction resistance�
0.01�
Ω�
�
IGBT conduction resistance�
0.05�
Ω�
�
Charging Resistor�
2�
Ω�
�
DC link capacitor�
5�
mF�
�
Cdc,HB2�
200�
μF�
�
Lf1�
2�
mH�
�
RLf1�
0.2�
Ω�
�
Cf1�
1�
mF�
�
Lf2�
0.4�
mH�
�
RLf2�
0.04�
Ω�
�
Cf2�
1�
μF�
�
Pload�
1000�
watt�
�
Qload�
500�
Var�
�
�
�
�
�
Table III: The transformers parameters


�
Symbol�
Quantity�
�
T1�
Sn�
2 KVA�
�
�
V1�
400 V�
�
�
V2�
55 V�
�
�
Z�
0.5+1j Ω�
�
�
Xm�
150 Ω�
�
�
Rc�
2 KΩ�
�
T2�
Sn�
10 KVA�
�
�
V1�
220 V�
�
�
V2�
380 V�
�
�
Z�
1.13+2.2j Ω�
�
�
Xm�
169 Ω�
�
�
Rc�
2.29 KΩ�
�






Table I: Battery Charger Specifications


Parameters�
Value�
Unit�
�
Input AC Voltage (RMS)�
380�
V�
�
AC Input Frequency�
50�
Hz�
�
Maximum Input AC Current (RMS)�
20�
A�
�
Desired DC Link Voltage�
500�
V�
�
Output DC Voltage Ripple�
2�
V�
�
Maximum Battery Charging Current�
5�
A�
�
Maximum Output DC Current Ripple�
0.1�
A�
�
Maximum Output Power �
7.5�
kW�
�
PWM Switching Frequency (fs)�
20�
kHz�
�
�
�
�
�
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Figure  11. (a) Battery current; (b) battery voltage; (c) SOC; (d) output DC voltage of HB2 converter





�


Figure  9. Load voltage and current waveforms during normal operation
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Figure  10. DC link voltage, modulation index, and rms line-line load voltage during normal operation
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Figure  12. Load voltage and current waveforms during fault condition
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Figure  8. Capacitor charging current waveforms with and without SCC
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Figure 13. DC link voltage, modulation index, and rms line-line load voltage during fault condition
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Figure  14. Battery current, battery voltage, SOC, and output DC voltage of HB2 converter
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