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Abstract: MACROBUTTON NoMacro    The paper orients to involve fuzzy based reasoning principles in the design of control strategies for improving the time response of single inductor multiple output (SIMO) dc-dc converters. The dc-dc converters with multiple outputs typically attempt to share the inductor current for varying loads and in turn necessitates accounting for cross regulation between the outputs. The philosophy envisages minimizing the output voltage variations to ensure a regulated output and augurs to reject line and load disturbances. It includes in its framework the design of a conventional PI controller, Fuzzy Logic Controller and Fuzzy based PI Controller. The simulation results of a single input dual output converter obtained from a MATLAB® platform reveal that the Fuzzy based PI controller offers low rise time, settling time, steady state error value in addition to enjoying a higher immunity to load/line variations when compared with other controllers. 
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1. MACROBUTTON NoMacro Introduction
Portable Electronics applications are the major consumer product of the present world powered by single or multiple cell Lithium based batteries. These gadgets are in need of different voltage-current levels for operating different subsystems. For example, a microprocessor may require different voltage levels for its cores to obtain optimal performance [1]. The voltage supplied by the battery may require being stepped-up using boost converter, step-down by Buck converter and generate negative voltage by Buck-Boost as in the case of flat panel LED display [2].
 Earlier each subsystem is powered by individual power converter with the power device designed for high efficiency. The real estate of the present Printed Circuit Boards (PCB) is a scarce resource and the inductor in each power switching device is bulky and overall loss of this inductors is substantial. It is found that multiple inductors reduce the reliability in the system [3,4]. Therefore a power supply with different voltage and current levels is need of the hour and Single Inductor Multiple Outputs (SIMO) is one such system implemented recently with the advantages of reducing the bulky inductors, capacitors and controllers associated with the system [5].
 The advantages of SIMO are reduced cost, size and volume, small form factor and increased efficiency if Low Drop Outputs (LDOs) are replaced with switching converters [6]. However, the above advantages come with an added constraint of cross regulation which is the effect of change in line and load variation of one output to the others. Therefore a SIMO converter has to look into stability, bandwidth, accuracy, load line variations, fast transient response and less cross regulation between outputs [6]. In this paper a Single Inductor Dual Output Buck converter with input voltage of 12V and output voltages of 1.2 V and 1.5 V are taken into study.
2. Operational Modes in SIMO converters
SIMO systems can operate in Continuous Conduction Mode (CCM), Discontinuous Conduction Mode (DCM) and Pseudo Continuous Conduction Mode (PCCM) and each mode inherits their own advantages, disadvantages and limitation of handling load current. The PCCM mode can handle large current loads with small ripple and allows independent control of the outputs [7]. The CCM mode can operate with high current loads and produce small current ripples but suffers from cross regulation problems. The SIDO converter needs a complex controller to handle the cross regulation problem as the outputs cannot be independently regulated. 
The DCM mode on the other hand cannot handle load with high current and produces large ripple current. The ripple phenomenon reduces the overall efficiency of the system. The inductor current reaches and stays constant at zero at the end of each switching cycle. The use of time multiplexed control can be seen as two independent DCMs in which there is a freewheeling state of inductor when distributing energy from one channel to another thus being able to distinguish two outputs. The energy dissipation seen in time multiplexed control (8), when used for heavy loads brings in large peak inductor currents which in turn increases the ripples and leads to decrease the efficiency. 
3. Working of SIMO Buck converters
The multiple voltage levels of lower value is designed to suit the requirements in a portable device [9]. In the case of notebook computer power solution, different voltage and current requirements are needed for CPU, memory devices, graphics device, I/O devices. An Intel Atom processor itself needs voltage rails of 3.3V (10A, 200 mA, 2.4 A etc), 1.8V (2.4 A), 1.05V (3.4 A, 2.5 200mA), 1.2V (550mA) [10]. An RF power amplifier needs 3.3VOUT at 500 mA [11]. The circuit diagram of the SIDO converter is shown in Fig. 1. 
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Fig.1 Circuit diagram of SIDO Buck Converter
The working of the circuit can be explained with the help of timing diagram which is given in Fig. 5. 
During the interval 0 to t1, inductor is charged by closing the switches SP and S1 as seen from the equivalent circuit in Fig.2.

[image: image2]
Fig.2 Mode.1 Operation of SIDO DC – DC Buck Converter
In the interval t1 to t2, the inductor continues to charge by closing the switch SP and S2 as observed from the equivalent circuit in Fig.3.

[image: image3]
Fig.3 Mode.2 Operation of SIDO DC – DC Buck Converter
The inductor discharges by closing the switch SN and S2 in the interval t2 to Ts to create the equivalent circuit in Fig.4.
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Fig.4 Mode.3 Operation of SIDO DC – DC Buck Converter
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Fig.5 Timing Diagram of SIDO Buck Converter

In this paper, SIMO converters suitable for electronic systems operated by batteries are proposed. The input voltage and output voltage/ current specifications are taken to reflect real world applications. 
Table 1. The parameters of the SIDO Buck converter

	Parameters
	Symbol
	Value

	Input Voltage
	Vin
	12v

	Switching frequency
	fs
	33 kHz

	Output 1 Voltage
	V01
	1.5v

	Output 2 Voltage
	V02
	1.2v

	Output 1 Current
	IL1
	500mA

	Output 2 Current
	IL2
	300mA

	Load 1
	R1
	3Ω

	Load 2
	R2
	4Ω

	Capacitor 1
	C1
	220µF

	Capacitor 2
	C2
	220 µF

	Inductor
	L
	51 µH

	Duty cycle of SP
	D
	0.13

	Duty cycle of S1
	D1
	0.105


The input is 12 V battery which is equivalent to three cell lithium ion battery found in notebook computer. The components used are given in Table 1.
4. Controller for SIMO converters
The voltage mode controller senses the output voltage and then feeds the error with the reference to the PWM which in turn adjusts the duty ratio of the switches. It involves an external circuit for compensation with passive and op-amp based circuits which are usually large and hinders on chip integration. In case of line disturbances, the control method necessitates to wait for the change to be detected in the output and then enforce the correction to be applied.  

The current control methods are preferred for line variations where the response by the controller is faster than VMC. An adaptive delta current mode controller is also applied which claims to accrue better line/load regulations by giving infinite dc gain for the controller and does not need for external components for stability [13]. The average Current Mode control enjoys the advantage of partly suppressing the cross regulation problem due to fast response time and easily on chip realizable compensation circuit.
 High efficiency when compared to voltage mode and digital controllers are reported with similar ripple seen in the output [14]. The time multiplexing control methods are preferably used in SIMO converters. It gives better results in DCM mode for cross regulation but with a large peak inductor current which reduces the efficiency. In PCCM mode the multiplexed control methods reduces the peak inductor current problem but are suitable only for small variation in the load currents and cross regulation becomes a problem [15]. A SIMO in CCM mode is also controlled by a charge-control technique with large power capacity. The method uses two loop control one for the inner loop to control the independent outputs using charge control and the other for the average current control in the control of inductor current. It achieves good efficiency and reduces cross regulation problem [16].Single Inductor Quad output is designed in [17] and the controller to obtain less regulation is developed in hardware. 
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Fig. 6. Closed loop performance of controller for SIMO converter as per Ref[17]
The same concept is applied to SIDO converter and the result is shown in Fig.6
5. PI Controller
The objective of tuning the PI controller is to provide fast response and better stability. However obtaining the two objectives simultaneously is a challenging job. An acceptable stability with good response can be an optimized solution. The acceptable stability relates to a negligible or small undershoot followed by the first overshoot. The three parameters Kp, the controller gain, Ti, the integral time and Td, derivative time are to be increased for faster control. The auto tuning method uses algorithms to calculate PI values when there is a change in the system. The error signal is fed to the algorithm which in turn generates the necessary PI parameters.  The PI controller parameters for SIDO system is shown in Table.2. 
Table 2. Parameters of PI Controller
	 PI Controller
	KP
	KI

	Output 1
	1
	180

	Output 2
	1
	150


The performance of the controllers is evaluated through a load disturbance at the rate of 50% variation to the nominal value is given to both the outputs. It is introduced from 0.15 seconds to 0.25 seconds and from 0.3 to 0.4 seconds of the total simulation time for the first and second outputs respectively. 
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Fig.7 PI Based Controller’s closed loop response
The performance of the PI controller as per the PI values shown in Table 2 is given in Fig.7. 
6. Fuzzy Logic Controller and Fuzzy Tuned PI Controller
DC-DC converters exhibit non linearity due to the variable structure behavior during a single switching period. Nonlinear control methods such as FLC are in vogue for controlling the dc-dc converters [18]. Fuzzy Logic Controllers are based on fuzzy set theory with linguistic variables.
 The FLCs accommodate the expert’s knowledge about the system and allows simple common sense based rules to take decisions. Moreover FLCs do not need mathematical modeling to design and include scope to address wide parameter variations. It is found [19] that conventional control methods like voltage control, current control and current average control are good for working point and variation in the point due to parasitic element, time varying load and supply  but  selection of parameters of the controller is difficult.

The FLC maps the input variable in this case the error signal and change in error signals from the outputs to memberships functions which leads to crisp data to fuzzy data translation called as fuzzification. Based on the membership values and associated rules the FLC takes decisions. The decisions may be tuning the Kp, Ki and Kd values or directly changing the pulse width of the PWM wave with scaling parameters. The FLC is used in the field of dc to dc converters and the viability of using such control systems demonstrated in [20, 21].  

The fuzzy logic controller and PI controller enjoy their own advantages where FLC performance better in terms of reduction of rise time and the PI controller produce less steady state error. But the FLC may not be able to withstand the load disturbance as PI controller. These factors give the designer to hybridize and enjoy the benefits of both the controllers.
 The system dynamics change with respect to time due to load or line variations imposed by the underlying applications. The Fuzzy tuned PI controller parameters require to be dynamically changed and emulate an auto tuned PI controller with fuzzy logic as tuner[22] whose block diagram is shown in Fig.8.

[image: image8]
Fig.8 Fuzzy tuned PI controller block diagram

The input parameter to the fuzzy logic system is error and change in error due to the variation in the set point voltage and change in the output voltage. The numerical input is converted to linguistic variable in the fuzzification process. The fuzzy rules and database in the FLC take a decision and the decision is defuzzified to crisp outputs which are the parameters of PI controller. 
Table 3. Fuzzy Rules Table
	Error
	Change in Error
	NS
	ZE
	PS

	
	NS
	NS
	NS
	ZE

	
	ZE
	NS
	PS
	ZE

	
	PS
	ZE
	ZE
	PS
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Fig.9 Pure Fuzzy based controller’s closed loop performance

The FLC designed with rule based defined in Table 3 is implemented and the results are shown in Fig.9 for the same load disturbances defined earlier.  The Fig.9 clearly shows that the FLC controller is not robust when disturbances are given.

Similarly the Fuzzy tuned PI controller is implemented and tested for the performance. The performance of such controller is shown in Fig.10. 
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Fig.10 Fuzzy PID based controller’s closed loop response

A SIMO converter with any controller accrues  ripples in hundreds of millivolts. The same is found in the products available even in the market[23].
7. Comparison of Controllers  
The comparison is done in terms of  peak overshoot, peak undershoot, settling time, peak-to-peak ripple voltages and the cross regulation issues using bar charts in Fig.11 for both the outputs.
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Fig11. Performance comparison of various controllers

The Fuzzy tuned PI controllers produces more undershoot when compared to other converters. However the ripples and cross regulation problem is less. The conventional FLC is seen with less settling time but significant ripple and high cross regulation problems make them unsuitable. The Fuzzy tuned PI controller offers less settling time and provides robustness to load disturbances.
The performance of the controllers are tested for line disturbance of change in line Voltage from 0.125 seconds of 0.2 simulation time and compared in terms of peak overshoot at the instance of disturbance. 

The performance of controllers are given in Fig.12 (a-c) 
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a- PI based controller
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b- Fuzzy logic based controller

	[image: image14.emf]0 0.05 0.1 0.15 0.2 0.25

0

0.5

1

1.5

2

2.5

3

Time in seconds

Voltage

 

 

Vout1

Vout2


c- Fuzzy tuned PI controller


Fig.12 Performance of various controllers for line disturbances.

A bar chart is shown in Fig.13 for better visualization of performances. From the analysis, it is clear that Fuzzy tuned PI controller offers less peak overshoot and more robustness for line disturbances.
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Fig.13 Performance comparison of various controllers for line disturbances.

From various analysis it is found that Fuzzy tuned PI controller outperforms other controllers and it is tested for various operating points.
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Fig.14 Vo1 for various load current
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Fig.15 Vo2 for various load
The bar charts shown in Fig.14 and Fig.15 reveal that the Fuzzy tuned PI controller is able to work satisfactory at all operating points. Step changes in reference voltages have been applied to test the performance of the controller in tracking the set value. Fig.16 and Fig.17 show the tracking capability of PI and FUZZY PI controllers when changes in set point voltages in output1 is changed from 1.5V to 2.3V at t =0.3seconds and in output2 the set point voltage is changed from 1.2V to 2.0V at t =0.4seconds respectively.
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Fig.16 Tracking capability of PI Controller
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Fig.17 Tracking capability of Fuzzy PI Controller

It is found that fuzzy controller is able to produce improved transient response (see Fig 12.b) but could not track the set point changes like the PI or Fuzzy PI Controller.  
8. Conclusion
The buck topology has been designed and the various control methods are implemented. It has been found that PI and Fuzzy tuned PI controllers produce less cross regulation when compared to conventional FLC. The FLC has been seen to contribute for improving the time response characteristics but unable to track the set point changes. The results have been compared with existing work found in the literature though the ripple voltage seen to be relatively high, still the presence of single inductor carries away its benefits.  The results have been ordained to depict the strength of the controllers in the use of dc-dc converters and serve to establish the importance of SIMO based converters in futuristic electronic systems powered by batteries.
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