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Recently, the number of applications of power-electronics converters has increased a lot as 
they reduce the cost, size, power quality, reliability, flexibility, and energy efficiency. Particularly, 
there has been more interest in multi-converter power-electronics systems that can be applied in 
numerous applications such as, advanced automotive power system, Electric Vehicles, telecom-
munications, modern industrial electrical schemes, space station, modern aircraft, submarine, 
spacecraft and electric ship. 

Multi-converter systems exhibit interaction issues when multiple single converters are con-
nected even though each converter is standalone stable. These interactions can even make the 
system unstable. In this thesis different small-signal and large-signal stability analysis methods 
have been discussed to analyse the stability issues. Minor loop gain based stability criteria such 
as Middlebrook criterion, Gain Margin and Phase Margin (GMPM) criterion, Energy Source Anal-
ysis Consortium (ESAC) criterion, and passivity-based stability criterion (PBSC) are reviewed. 

The thesis also reviews several control methods that can be applied in multi-converter sys-
tems. One of the recently proposed method is the positive-feedforward (PFF) control technique. 

Impedance-measurements of multi-converter systems can be efficiently used to control and 
analyse the multi-converter systems. This thesis reviews several wideband techniques that can 
be used for real-time stability assessment and adaptive control of multi-converter systems. 
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1. INTRODUCTION 

Recent advancement in power electronics and control technology have spread the use 

of switching converter topologies in different applications. Switching converter reduces 

the cost, size, weight along with the improvement of power quality, reliability, flexibility, 

and efficiency[1] . Besides, DC system is more popular in compared with AC system in 

modern times owing to the substantial performance and efficiency gains it offer [2-7]  . 

However, the power electronic based DC system is a complex scheme as multiple con-

verters are interconnected together.    

A multi-converter power electronic system can be defined as an architecture where dif-

ferent converters for example, DC/DC choppers, AC/DC rectifiers and DC/AC inverters 

are used in subsystems, source and load to supply power on various forms and voltage 

levels. These systems can be applied in number of applications that include, advanced 

automotive power system, Electric Vehicles (EV) and Hybrid Electric Vehicles (HEV), 

telecommunications, modern industrial electrical schemes, global space station, modern 

aircraft, submarine, spacecraft and electric ship [4, 5]. The number of converters used in 

these applications depends on their individual size and power levels.   

As we know, power electronics are extensively used in multi-converter systems for the 

production and application of electric power. Besides, several types of loads are used 

that require power supplies. This supplied power on the load side is not similar in com-

pared with the standard power supplied by the main source. Power electronics convert-

ers are used to ensure electric power available from the generating source to the termi-

nals of the load. Therefore, several power electronic converters are integrated together 

to make a multi-converter system. The number of converters integrated into a multi con-

verter system depends on the application. The converter numbers for a system could 

vary from couple of converters to hundreds, in accordance with variation of application 

[1]. For example, Electric vehicles (EV), hybrid electric vehicles (HEV), automotive power 

systems, modern industrial electrical schemes, terrestrial computer systems and tele-

communications utilize few converters. On the other hand, large systems, for example 

spacecraft, international space station, submarine, modern aircraft, and electric ship use 

hundreds of converters. 
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Modern automotive power systems, for example Electric Vehicles (EV), Hybrid Electric 

Vehicles (HEV), Electric cars are the very common example of “multi-converter power 

electronic systems” [1]. There are tendencies to expand electrical loads of conventional 

cars. Among electrical load lights, fans, electric motors and pumps are well-known for 

different functions. There also exist less well-known loads, for example air conditioning, 

antilock braking, power steering, brake by wire, throttle actuation and suspension sys-

tems.  

Nowadays, most car use the electrical systems of 14V DC. The power demand in aver-

age of a car is around 1.2 kw. This system ability to fulfil power demand of future loads 

is uncertain. Therefore, increasing the system voltage at highest level (such as 42V DC), 

in essential to match with bigger electrical loads. Consider Fig. 1.1 that shows a concept 

of dual voltage future electric cars power system architecture [1] . 

 

                  Figure 1.1. A future electric cars power system architecture. 

Generally, the power system of EV and HEV are DC along with the high voltage (300V 

or 140V) bus for traction purposes. They have low voltage (14V) DC bus too. The high 

voltage bus feds the electric propulsion system. However, in the EV and HEV, DC/DC 

switching converters are also used in generator/starter system and battery charge/dis-

charge units[1]. Space power system is one of the special cases of multi-converter sys-

tem where large number of converters are connected in compared with other multi-con-

verter systems. Moreover, it has a main solar array DC network, power converters, bat-

teries, cables and switches which rout power to all electric loads[1] .  
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The behaviour of individual converter is different from multiple converters whenever they 

are connected altogether. If a stand-alone switching converter is fed by an ideal voltage 

source and simply supplies power to a resistive load, most of the time, it will show decent 

stability margin as well as it will attain certain performance criteria. Whenever each 

switching converter is connected in an integrated multi-converter system, the systems 

performance might be degraded [1]. This interaction can even make the system unstable. 

It means that, stability is not guaranteed when multiple converters are connected in a 

system, even though each converter shows stability when it operates alone. Therefore, 

it is needed to consider the input and output in a system along with its individual con-

verter[1]. 

Different stability criterion has been proposed to study the stability problems of multi-

converter DC power systems. Existing stability analysis criteria are, for example, passiv-

ity-based stability criterion (PBSC), the Middlebrook criterion[8] , and its several exten-

sions, such as the Gain Margin and Phase Margin (GMPM) criterion, the Opposing Ar-

gument criterion [11], and the ESAC criterion [9, 10]. Recently, alongside the passivity-

based stability criterion (PBSC), an allowable impedance region (AIR) concept has been 

developed to make sure a decent stability margin as well as good dynamic performance 

[2]. However, all these criteria have some drawbacks. To overcome the drawbacks, de-

signing of a less conservative as well as highly design oriented stability criteria is essen-

tial. But, this is crucial to design for applying in a multi converter systems [14]. 

 

1.1 Objectives 

This thesis focuses about the issue of dynamic interaction occurred by interconnected 

converter in a multi-converter system. Extensive research has been done on the opera-

tion of stand-alone converter, but dynamic interaction issues have not been focused so 

much. The purpose of this thesis is to analyse the behaviour of multi-converter system, 

when multiple switching converter (individually stable) are connected to the system. The 

reason behind the unstable phenomena will also been analysed. The second purpose is 

to review several existing stability analysis methods, their pros, and cons, and make 

comparison among them. Moreover, the design of a controller to improve the perfor-

mance of a multi converter system will also be considered. The third purpose is to review 

different impedance measurement techniques. Finally, the lacking's of present stability 

analysis technique and scope of further research has been discussed at the end. 
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The rest of the thesis is organised as follows. Chapter 2 discusses several small-signal 

and large-signal stability analysis methods. A brief review of some most significant minor 

loop gain based stability criteria is given. Then a new criterion named the passivity-based 

stability criterion (PBSC) which is based on the bus impedance passivity is discussed. 

After that, a large-signal stability analysis method called the state-space averaging tech-

nique is described. Finally, a comparison of the major stability criteria and their pros and 

cons is written. Chapter 3 discusses different active and passive approaches that has 

been used in the past for solving the interaction problem in a multi-converter system. 

After that, an alternative modern approach named Positive feed-forward (PFF) control is 

discussed to improve the system stability. An unterminated small signal modelling and 

PFF controller design is also focused in this chapter. Chapter 4 discusses broadly about 

impedance identification techniques. A brief description of several perturbation signals 

for measuring impedance is given. Then, a comparison among perturbation sequences 

and their advantages and limitations is mentioned. Finally, chapter 5 concludes the the-

sis and proposes few prospective research topics.   
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2. STABILITY ANALYSIS METHODS OF MULTI-

CONVERTER SYSTEMS 

This chapter describes different small-signal and large-signal stability analysis methods 

of multi converter systems. The advantages and limitations of stability analysis methods 

has been discussed too. A comparison among stability criteria and possible solution to 

overcome the limitations has been discussed at the end. 

The stability analysis methods of a multi-converter DC system focus on maintaining con-

stant bus voltage. The bus voltage needs to maintain under normal operating condition, 

where frequent small perturbations happen, and in fault condition (transient), where large 

change in generation or loads happens. A system can be ensured as stable if it can go 

back to normal operating condition when it is subjected to the disturbances [11].  

In designing a power electronic DC system, most of the literature has emphasized on 

stability of a system under steady state operating condition that includes the changes in 

generator or load output. Throughout these changes, the power electronic scheme can 

be analysed and linearized at a fixed operating point for the purpose of stability[11] . This 

technique is named small signal stability analysis [12].[11]  

The small signal stability analysis for a power electronic system can be done by applying 

any of the presented methods as depicted in Fig. 2.1[11] . The stability is depending on 

the location of poles of the DC systems transfer function in the complex plane. Although, 

other tools can also be applied to analyse the stability margin and poles movement of 

the system under different operating conditions.[11]  
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Figure 2.1. Classical methods of control theory for analyzing stability 

Most of the stability assessment of multi-converter system is related to the converters 

networks on a solo bus. This can take in different form such as: one source and one 

load/ several loads, multiple sources and loads in parallel [11]. Usually, the stability as-

sessment of these type of systems is depending on the concept of minor loop gain. The 

minor loop gain can be defined as the impedance ratio of input and output terminal of 

the multiple interconnected converters. There are several criteria available for evaluating 

the stability of a system by applying “minor loop gain” [11]. The evaluation of each of 

these stability analysis criteria offer a less conservative and improved forbidden region 

in the s-plane where Nyquist contour needs to be avoided for ensuring sufficient stability 

of a system.[11]  

When the application condition of a multi-converter system changes, significant change 

of its operating point also occurs simultaneously. Therefore, the key solution to analyse 

and design of a multi-converter system is large system stability [13]. Lacking of steady 

state work point is one of the drawbacks of small signal analysis model. Typical imped-

ance based small signal stability analysing method is not suitable for large signal stability 

assessment [8, 14].The interaction of multiple individual converters in a multi-converter 

system leads to unstable phenomena, even though each single switching converter is 

stable. Owing to the complexity of switching converters, multi-converter system model 

scale is quickly expanding along with the number of converters rise in the system.[13]   

However, there are mainly two reasons that provokes to build large signal model. First 

reason is, in case of model combination of multiple converters, the total system meets 
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some difficulties such as higher order, stability analysis problems and calculation difficul-

ties[13]. The second reason is, with the application conditions change of the system, 

multi-converter DC system might have multiple modes of operation [13]. When operation 

mode changes, the system model changed too, and it shows complex behaviour [15]. 

Therefore, to examine a system stability, it is essential to establish a large-signal 

model.[13]  

The most common type of switching converter that has been used in a multi-converter 

system is DC-DC converter [13]. The state space averaging is the simplest method for 

dc-dc converter large signal modelling [16]. Moreover, the behaviour of circuit is simu-

lated through controlled voltage source, controlled current source. The state space 

model structure for discontinuous conduction mode (DCM) is different from continuous 

conduction mode (CCM), which makes difficulties for subsequent analysis of stability[13]. 

The generalized averaged model has been proposed by some researcher which is based 

on averaged model [17, 18]. It (generalized averaged model) preserves high degree 

items of state variable. However, owing to the model complicacy, large signal stability 

analysis criterion is not possible to obtain for the moment [13]. Considering the mode 

shifting difficulty, a large signal model on the basis of two port network has been pro-

posed by other scholars [13, 19]. This large signal model replaces the major circuit hav-

ing complicated switching process for simulating main circuit power flow. Therefore, this 

model does not need to concern about internal structure changes of switching converter. 

Besides, the converter response is found from the jump of power level in the disturbance 

of large signal.[13]   

Meanwhile, the application of discrete model is also popular for simulating the behaviour 

of DC-DC converter as it is very suitable and accurate for computer simulation type re-

search [13, 15]. However, the application of this kind of model in multi-converter systems 

most often face difficulties such as complicacy of mode and high order. These difficulties 

badly effects in obtaining analytical results from stability analysis [13] . Finally, to analyze 

a multi-converter systems large-signal stability, building an effective and simple large-

signal model is essential. This model should reflect the converter operating characteris-

tics. It will also reduce and simplify the order of system.[13]  

2.1 Middlebrook criterion 

The “Middlebrook criterion”[8]  has been introduced to analyse how a feedback-con-

trolled switching power converter stability is affected through the introduction of an input 
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filter. Its target is not only to ensure stability of the system but also to assure that the 

dynamics of switching converter are not changed by the addition of input filter [20] . 

 

Figure 2.2. An input filter interconnection with the feedback-controlled converter. 

 

Consider the cascaded connected system depicted in Fig. 2.2., the inputs of the switch-

ing converter are supply voltage 𝑉𝑔𝑠, load current 𝑖𝑙𝑜𝑎𝑑 and the outputs are input current 

𝑖𝑖𝑛, output voltage 𝑣. The power electronic converter is connected with a feedback control 

loop. The stability of cascaded connected system (Fig. 2.2) is possible to determine 

through taking in account of each individual impedance at the converter interface [20] . 

The minor loop gain 𝑇𝑀𝐿𝐺, is known as the output impedance and input impedance ratio 

of the interconnected system that is, 𝑇𝑀𝐿𝐺 = 
𝑍𝑂

𝑍𝑖
. “The Middlebrook criterion provides a 

simple design-oriented stability condition by imposing small gain condition on the minor 

loop gain” 

                     ‖𝑍𝑜‖ ≪ ‖𝑍𝑖‖ or equivalently ‖𝑇𝑀𝐿𝐺‖ = ‖
𝑍𝑜

𝑍𝑖
‖ ≪ 1                  (2.1) 

A forbidden region is defined by (2.1) for the term minor loop gain, 𝑇𝑀𝐿𝐺 ,  in the s-plane. 

As seen in Fig. 2.3, the forbidden region is in outside of the unit circle at the point of (0,0) 

[17]. If input impedance 𝑍𝑖 is assumed known, a design rules for output impedance 𝑍𝑜 of 

input filter imposes that the resultant minor loop gain must lie inside a circle that has a 

radius equivalent to the inverse of gain margin (GM)  

                   ‖𝑇𝑀𝐿𝐺‖ = ‖
𝑍𝑜

𝑍𝑖
‖ = 

1

𝐺𝑀
 with GM > 1.                           (2.2) 
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It is clearly shown that, if the minor loop gain, 𝑇𝑀𝐿𝐺 Nyquist contour is always inside the 

unit circle, encirclement of (-1,0) point will not happen [20] . 

                    

 

                       Figure 2.3. Boundaries of stability criteria. 

Moreover, the Middlebrook criterion exhibits how the converter properties are modified 

through adding an input filter [20]. Particularly, the input filter output impedance 𝑍𝑜 can 

be seen as an additional element by applying Extra Element Theorem of Middlebrook 

[21]. The resultant loop gain can be given by 

                                        𝑇ˊ= 𝑇.
1+

𝑍𝑜
𝑍𝑁

1+
𝑍𝑜
𝑍𝐷

                              (2.3) 

where 𝑍𝑑 is driving point impedance of one injection, 𝑍𝑁 is the driving point impedance 

of null double injection, 𝑇 is the excluding input filter loop gain, 𝑇ˊ is including input filter 

loop gain [20]. The switching converter input impedance expression under feed-back 

control is given as  

                                            
1

𝑍𝑖
 = 

𝑇

1+𝑇
 
1

𝑍𝑁
 + 

1

1+𝑇
 
1

𝑍𝐷
                    (2.4)             
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from the above equation, the minor loop gain expression can be directly found as 

                          𝑇𝑔𝑎𝑖𝑛 = 
𝑍𝑜

𝑍𝑖
 = 

𝑇

1+𝑇
 
𝑍𝑜

𝑍𝑁
 + 

1

1+𝑇
 
𝑍𝑂

𝑍𝐷
                            (2.5) 

By inspecting the equation (2.3) and (2.5), one can find that both the equation contains 

two factors that are 
𝑍𝑂

𝑍𝑁
 and 

𝑍𝑂

𝑍𝐷
. If 𝑍𝑜 is designed to facilitate ‖𝑍𝑂 𝑍𝑁⁄  ‖«1 and ‖𝑍𝑂 𝑍𝐷⁄  ‖«1, 

then ‖𝑇𝑔𝑎𝑖𝑛‖« 1, which ensures stability of the system [20]. Moreover, it turns 𝑇ˊ≈ 𝑇, which 

guarantees that the converter performance is not declined through the existence of input 

filter. It means loading effect is zero in between the converter and input filter [20]. 

2.2 Nyquist stability criteria 

The Nyquist stability criteria is the generalised and more relaxed version of Middlebrook 

criteria. The Nyquist stability criteria is a technique that interpret the close loop stability 

of a system on the basis of open loop stability by utilizing Nyquist plot characteristics. 

The stability of a system can be ascertained in an extensive way through the use of 

Nyquist stability criteria [20]. In literature, usually Middlebrook criteria terms are related 

to the traditional formula where │𝑍𝑎│/│𝑍𝑏│evaluation is needed. However, in some liter-

atures, the Nyquist stability criterion application would refer by Middlebrook criterion ter-

minology.  

 

                             Figure 2.4. Equivalent impedance model [20]  
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                            Figure 2.5. Stability criterion for DC systems 

Here, Fig. 2.5. shows the analysis of major stability criteria in frequency domain. 

Whereas, the evaluation of Nyquist stability criteria for DC system is done on the basis 

of Fig. 2.4. The input side voltage is denoted as Vs and the output side voltage is denoted 

as 𝑉𝐿. The point which is connected with the grid is denoted as P. The converter at source 

side can be modelled with respect to point 𝑃 as output impedance 𝑍𝑠 and the impedance 

of grid can be modelled as input impedance 𝑍𝑙 equivalently. It is generally presumed that 

the voltage source 𝑉𝑠 is stable, then the load voltage 𝑉𝐿 stability is entirely depending on 

the denominator of the equation (2.2) that contains the source and load impedance ratio. 



12 
 

                     

 

Figure 2.6. Closed loop control system formed by source and load impedance. 

 

                                          𝑉𝑙(𝑗𝑤)  = 
𝑉𝑆(𝐽𝑊)

𝑍𝑠 (𝑗𝑤) +𝑍𝑙(𝑗𝑤)
 𝑍𝑙(𝑗𝑤) 

                                                      = 
𝑉𝑆(𝐽𝑊)

1+ 
𝑍𝑠(𝑗𝑤)

𝑍𝑙(𝑗𝑤)

                      (2.6)         

In control theory, stability of a system in closed loop (CL) is declared through the consid-

eration of poles or by considering the denominator roots of the closed loop (CL) transfer 

function. The output quantity and input quantity ratio are the transfer function of closed 

loop. It is expressed as  
𝑉𝑙(𝑗𝑤)

𝑉𝑠(𝑗𝑤)
 . The representation of closed loop system at Fig 2.6, is 

similar to the equation (2.6) as described. For the stability of a closed loop system, all 

the poles of denominator polynomial must be in the negative axis. But the problem is 

that, the computational complexity increases owing to the rise of denominator polynomial 

order. Moreover, the information related to stability margins has not been obtained. Sta-

bility margin is the combination of two component that are Gain Margin (GM) and Phase 

Margin (PM) [20]. The stability margin determines how much stable a system is. If the 

stability margin is lower, the system is closer to become unstable. The Nyquist stability 

criteria is not used only to specify the stability of a closed loop system, it is also used to 

determine the margins of a system. The Nyquist plot is found by drawing the line in the 

complex plane that has been taken by the open loop (OL) transfer function through var-

ying the frequency from negative to positive infinity. Let denote N as the anticlockwise 

encirclements number throughout the critical point (-1,0) into the complex plane that is 

made either by the minor loop gain of the Nyquist plot or the open loop (OL) transfer 

function. Let suppose, the total number of minor loop gain unstable poles is P. Moreover, 
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P is the poles number of minor loop gain on the right half plane. Nyquist stability criteria 

denotes that a system is stable when, the number of right half plane poles, P of the minor 

loop gain is equivalent to the encirclements number in anticlockwise direction around the 

critical point (-1,0) N. Another way to specify the theorem is that the number of unstable 

poles of the closed loop transfer function, Z equals P - N, as mentioned in (2.7). The 

closed loop system is possible to be stable is case of P = N or Z = 0. 

                                               𝑍 = 𝑃 − 𝑁                                          (2.7) 

The application of Nyquist stability criteria for interconnected two individually stable sys-

tems is described as 

 

               Figure 2.7. Interconnection of two individual stable systems 

Fig. 2.7 shows to individual stable sub system that are cascaded connected. The transfer 

function of total input-to-output can be expressed as following [20]   

                              𝐺𝐴𝐵 = 
𝑉𝑜𝑢𝑡_𝐵

𝑉𝑖𝑛_𝐴
 = 𝐺𝐴𝐺𝐵.

𝑍𝑖𝑛_𝐵

𝑍𝑖𝑛_𝐵+𝑍𝑜𝑢𝑡_𝐴
 

                                                 =  𝐺𝐴𝐺𝐵.
1

1+𝑇𝑀𝐿𝐺
                                         (2.8) 

Where the expression of minor loop gain, 𝑇𝑀𝐿𝐺 is  

                                                 𝑇𝑀𝐿𝐺 = 
𝑍𝑜𝑢𝑡_𝐴

𝑍𝑖𝑛_𝐵
                                           (2.9) 

Since each of the transfer function 𝐺𝐴 and 𝐺𝐵 are stable, the minor loop gain, 𝑇𝑀𝐿𝐺  term 

is only accountable for stability. Thus, a sufficient and necessary condition for the system 

stability can be found through the application of Nyquist criterion to minor loop gain, 𝑇𝑀𝐿𝐺 

,i.e., the system of Fig. 2.7 is stable if the Nyquist contour of minor loop gain, 𝑇𝑀𝐿𝐺 does 

not encircle the point (-1+j0) [17]. Additionally, the term 1 (1 + 𝑇𝑀𝐿𝐺⁄ ) represents the in-
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teraction effect in between the two systems. On the basis of this concept, several forbid-

den regions for the minor loop gain, 𝑇𝑀𝐿𝐺 polar plot are defined by the stability criteria. 

The borders between allowable and forbidden regions is shown in Fig. 2.5. The region 

that encloses (-1,0) point is the forbidden region. Stability of a system is obvious, if the 

Nyquist contour of 𝑇𝑀𝐿𝐺 is kept outside the forbidden region[17]. On the basis of the 

definition of forbidden region, both design criteria and design formulation is possible to 

be specified. However, only sufficient stability conditions are given by these criteria. 

These criteria do not give necessary condition for stability. In fact, the 𝑇𝑀𝐿𝐺 contour may 

lie in the forbidden region even though the system is stable [20]. 

2.3 Gain margin and Phase margin criterion 

Recently the necessity of larger as well as complex multi-converter dc system has in-

creased. Therefore, it is essential to remove bulky filter components (passive) from a 

system. This necessity has provoked scientists to propose a new stability criterion as an 

alternative to Middlebrook Criterion. Hence, the new criterion will reduce the conserva-

tiveness of previous one when applied to a system[22, 23]. 

In 1995, a relatively less restrictive criteria, the Gain Margin Phase Margin (GMPM) Cri-

terion [22], has been proposed. The GMPM allows ‖𝑍𝑜‖⨠‖𝑍𝑖‖ in few frequency ranges, 

while ensuring smallest gain and phase margins. Thus, Nyquist stability Criterion is sat-

isfied. It is well known that the violation of Middlebrook Criteria occurs, if any part of minor 

loop gain Nyquist contour lies on the outside of unit circle [20]. In that scenarios, the 

multi-converter system can be unstable or stable, as Middlebrook stability Criterion offers 

sufficient condition for stability only. However, the GMPM stability criteria can be used 

along with a contour [20]. The Nyquist contour lies at outside of unit circle, so that the 

minor loop gain has enough gain and phase margins [20]. Fig. 2.8 shows a “forbidden 

region” that is specified by GMPM stability criterion and the location is on the s-plane left 

side.  
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Figure 2.8. GMPM stability criteria: (a) Forbidden region, (b) Specifications of load im-
pedance  

It is proved that the forbidden region of s-plane is least restricting comparing to the Mid-

dlebrook stability criterion. The GMPM stability Criterion applied following inequalities to 

specify the boundaries as shown in Fig. 2.8 

‖𝑇𝑀𝐿𝐺‖ = ‖
𝑍𝑜

𝑍𝑖
‖ ≤ 

1

𝐺𝑀
  and |arg(𝑧𝑜) − arg (𝑧𝑖)|≤ 1800 − 𝑃𝑀          (2.10)        

Though GMPM Criterion do not have the conservativeness as like Middlebrook stability 

Criteria, but it needs the knowledge of phase and magnitude information of load and 

source subsystems[20]. 

On the basis of defined forbidden region in (2.10), the derivation of load impedance de-

sign specification is possible. Besides, it is presumed that the impedance 𝑍𝑜 of source is 

known (Fig. 2.8) [20]. For making better design, the phase margin is kept as 600 and the 

gain margin is chosen as 6 dB. Therefore, in each range of frequency where 𝑇𝑀𝐿𝐺 is 

beyond the circle of (- 6 dB), its phase should be minimum 600 far away from 1800. 

Particularly, if 𝑇𝑀𝐿𝐺 goes outside of unit circle, the value of phase margin would be mini-

mum 600 [20]. Moreover, in each time of negative real axis crossing by the minor loop 

gain (𝑇𝑀𝐿𝐺), its minimum gain margin should be 6 dB. For designing the load impedance, 

the concept of phase band and gain limit has been developed (Fig. 2.8)[20] . The gain 

limit is expressed as |𝑍𝑙𝑖𝑚𝑖𝑡| = |𝑍𝑜| + 6 dB and unacceptable phase band is expressed 
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as, arg (𝑍𝑙𝑖𝑚𝑖𝑡) = arg (𝑍𝑜) ± 1200. When the load impedance 𝑍𝑖 lies on over the gain limit, 

the condition of amplitude |𝑇𝑀𝐿𝐺| < - 6dB is satisfied, and the phase has no restriction 

[20] . On the contrary, if the load impedance 𝑍𝑖 lies below the gain limit, the violation of 

amplitude condition |𝑇𝑀𝐿𝐺| < - 6 dB occurs and there is phase restriction. Particularly, 

arg (𝑍𝑖) must not enter towards the phase band for securing the required phase margin 

value of 600 for 𝑇𝑀𝐿𝐺 in the range of frequency where |𝑍𝑖| value is smaller than gain limit 

.[20]  

2.4 Passivity-based stability criterion 

The passivity-based stability criterion (PBSC) is being introduced to address the issues 

of system level stability. This stability criterion depends on the passivity of the system 

level DC bus impedance. It does not base on the Nyquist criterion that is applied to the 

impedance ratio. This impedance ratio is called the minor loop gain. If the system bus 

impedance is determined to be passive, stability of the system is confirmed [2]. 

 

Figure 2.9. A multi-bus system presenting several interconnections applying converter 
interfaces. 

Fig 2.9 shows a multi-bus power electronics-based distribution system architecture that 

has 𝑛 number of buses, several number of dc-dc power electronic converters, sources 

and loads. This scheme can be transformed into an n-port equivalent network by viewing 

into every bus port. However, the major difference arises in between single bus scheme 

and multi-bus scheme is that the bus impedance of the system is in a matrix form now 

[2], which can be shown as 

                                          𝑉𝑏𝑢𝑠 = 𝑍𝑏𝑢𝑠  𝐼𝑖𝑛𝑗 
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                   [

𝑉𝑏𝑢𝑠−1
𝑉𝑏𝑢𝑠−2

⋮

𝑉𝑏𝑢𝑠−𝑛

] = [

𝑍𝑏𝑢𝑠−11 𝑍𝑏𝑢𝑠−12
𝑍𝑏𝑢𝑠−21

⋮
𝑍𝑏𝑢𝑠−22

⋮

𝑍𝑏𝑢𝑠−1𝑛
𝑍𝑏𝑢𝑠−2𝑛

⋮

𝑍𝑏𝑢𝑠−𝑛1 𝑍𝑏𝑢𝑠−𝑛2 𝑍𝑏𝑢𝑠−𝑛𝑛

] [

𝐼inj1
𝐼inj2
⋮

𝐼𝑖𝑛𝑗𝑁

]            (2.10) 

Here 𝑉𝑏𝑢𝑠−1 , 𝑉𝑏𝑢𝑠−2, …., 𝑉𝑏𝑢𝑠−𝑛 represents bus voltages and 𝐼𝑖𝑛𝑗1, 𝐼𝑖𝑛𝑗2, … . , 𝐼𝑖𝑛𝑗𝑁 are rep-

resenting the injection currents. For i=j, the impedance 𝑍𝑏𝑢𝑠−𝑖𝑗 is the self-impedance of 

the 𝑖𝑡ℎ bus and for I≠j, the impedance 𝑍𝑏𝑢𝑠−𝑖𝑗 is the cross impedance between 𝑖𝑡ℎ and 

𝑗𝑡ℎ bus. “The self-impedance is the parallel combination of all source converter output 

impedance and load converter input impedances connected to the 𝑖𝑡ℎ bus when no cur-

rent injected into any other buses” [2]. And, the term cross impedance shows the injection 

current effect into the 𝑗𝑡ℎ bus on the 𝑖𝑡ℎ bus voltage. The expression of this can be written 

by following equation[2] . 

                                                       𝑍𝑏𝑢𝑠−𝑖𝑖 = 
𝑉𝑏𝑢𝑠−𝑖

𝐼𝑖
| 𝐼𝑘=0   ∀ k≠i (2.11) 

                                                       𝑍𝑏𝑢𝑠−𝑖𝑗 = 
𝑉𝑏𝑢𝑠−𝑖

𝐼𝑗
| 𝐼𝑘=0   ∀ k≠j        (2.12) 

The final result of a passivity criterion that has been developed in frequency domain and 

appropriate to apply at n-port network is shown in below. A n-port linear time-invariant 

(LTI) system is passive when: 

1. 𝑍𝑏𝑢𝑠(jꞷ) do not have any poles at right half plane (RHP)  

2. The n upper left Nyquist plot elements of 𝑍𝑏𝑢𝑠(jꞷ)+𝑍𝑏𝑢𝑠
𝐻 (jꞷ) lie in the RHP 

where 𝑍𝑏𝑢𝑠(jꞷ) represents the bus impedance matrix and 𝑍𝑏𝑢𝑠
𝐻 (jꞷ) shows related conju-

gate transpose[2] . Since this study permits to determine the passivity for a generalized 

network of n-port, considerable application issues prevail. Particularly, the determinant 

computation of 𝑛 upper left of 𝑍𝑏𝑢𝑠(jꞷ)+𝑍𝑏𝑢𝑠
𝐻 (jꞷ) is a complex process for the system 

consisting of several buses. The resultant matrix elements order can rapidly become 

uncontrollable and creates measurement issues. The next issue is related to the stability 

analysis interpretation results [2]. However, the first matrix determinants of upper left 

directly resembles the self-impedance of the 𝑍𝑏𝑢𝑠−11 passivity. However, successive de-

terminants of upper left are not associated easily back to the real system. Consequently, 

the root of a violation of passivity is hard to detect, whenever these other elements out-

come in the Nyquist plot which expands into the LHP. Therefore, the outcomes of this 

stability assessment do not support in designing stabilizing controllers to enhance the 

response of the system and secure better stability margins [2]. 
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N e v ert h el e s s, i n a n att e m pt t o  r e m o v e all of t h e s e li mit ati o n s of t h e n -p ort g e n er ali z e d  

p a s si vit y crit eri o n, a  m or e pr a cti c al ori e nt e d m et h o d  o n t h e b a si s of o n e  b u s P B S C h a s 

b e e n pr o p o s e d. T hi s a p pr o a c h i s u s e d  f or t h e st a bilit y a n al y si s of m ulti-b u s s c h e m e . 

C o n si d er i n g t h e m ulti-b u s s c h e m e  s h o w n i n Fi g. 2. 7 ., O b s er vi n g  t o w ar d s 1 p ort of t h e 

b u s , t h e s y st e m c a n b e tr a n sf or m e d i nt o an  e q ui v al e nt i nt er c o n n e ct e d l o a d a n d s o ur c e 

s u b s y st e m n et w or k, a s s h o w n i n Fi g. 2. 1 0 .  

 

Fi g ur e 2 .1 0 . E q ui v al e nt i nt er a cti n g l o a d a n d s o ur c e s u b s y st e m s a n d 1 -p ort n et w or k  

F urt h er m or e, t h e P B S C i nt e gr at e s t h e s e t w o s u b s y st e m s, r e s ulti n g t h e 1 -p ort  e q ui v al e nt  

n et w or k a s  d e pi ct e d  i n Fi g. 2.1 0 . W h e n e v er s e ei n g  fr o m t h e p ort of t h e b u s , th e r e s ult a nt 

1 -p ort n et w or k c o n si st s  a n  i m p e d a n c e, 𝑍 𝑏 𝑢 𝑠 − 1 1 ( s) = 𝑉 𝑏 𝑢 𝑠 − 1 ( 𝑠 ) /𝐼1 ( s), w h er e 𝐼1 ( s) i s t h e 

i nj e cti o n c urr e nt pr o vi d e d  t hr o u g h a n e xt er n al  d e vi c e  f or p ert ur b i n g t h e b u s [ 2] . Ho w e v er,  

t h e n et w or k b u s i m p e d a n c e  i s t h e c o m bi n ati o n  i n p ar all el  wit h  all t h e o ut p ut i m p e d a n c e  

of s o ur c e s u b s y st e m  a n d i n p ut i m p e d a n c e of l o a d s u b s y st e m. T hi s b u s i m p e d a n c e m a y 

b e d e si g n e d  b y a p pl yi n g  t h e u nt er mi n at e d s m all-si g n al m o d elli n g t e c h ni q u e . T h e s y st e m 

b u s u n d er i n s p e ct i s p a s si v e  if it c a n  o nl y  s ati sf y  t h e c o n diti o n f oll o wi n g [ 2] :   

1.  𝑍 𝑏 𝑢 𝑠 − 𝑖𝑖 (jꞷ ) d o n ot h a v e  a n y  R H P p ol e s  

2.  R e { 𝑍 𝑏 𝑢 𝑠 − 𝑖𝑖 ( jꞷ )  } ≥ 0, ∀ ꞷ  

H er e, t h e s e c o n d c o n diti o n  i s i d e nti c al t o -9 0⁰ ≤ ar g[ 𝑍 𝑏 𝑢 𝑠 (jꞷ )] ≤9 0⁰, ∀ ꞷ . It al s o c orr e s p o n d s 

t o a n i m p e d a n c e t h at h a s p o siti v e r e al p art at  a n y  fr e q u e n c y [ 9] . M or e o v er, it i n di c at e s 

t h at t h e N y q ui st c o nt o ur of 𝑍 𝑏 𝑢 𝑠 (jꞷ ) s h o ul d li e f ull y i n t h e R H P. T h e p h a s e diff er e n c e i n 
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b et w e e n 𝑍 𝑏 𝑢 𝑠  (jꞷ )  a n d 𝑉𝑏 𝑢 𝑠(jꞷ )  o ut c o m e s t h e p h a s e 𝑠 𝐼 𝐼 𝑍 (jꞷ ), w h er e 𝑏 𝑢 𝑠 𝑖  (jꞷ )  i s t h e v olt-

a g e p h a s e at t h e b u s p ort a n d 𝑖𝑍 𝑏 𝑢(jꞷ )  i s t h e c urr e nt p h a s e i nt o t h e b u s p ort.  W h e n e v er, 

t h e p h a s e of i m p e d a n c e 𝑠 𝑖 𝑖 𝑍 (jꞷ ) li e s i n b et w e e n + 9 0⁰ , -9 0⁰ , t h e p o w er i n a v er a g e t o-

w ar d s  t h e b u s p ort i s p o siti v e i n a n y fr e q u e n c y [ 9] , [ 1 4]. T h u s , t h e s y st e m i s c all e d p a s-

si v e  a s it  a b s or b s e n er g y . w hil e  t h e p h a s e v al u e  e q u al s + 9 0⁰ or -9 0⁰ , t h en t h e p o w er i n  

a v er a g e i s n ull . B e si d e s t h e s c h e m e h a s n o l o s s. If t h e v al u e of p h a s e i s  s m all er  t h a n -

9 0⁰  or gr e at er t h a n + 9 0⁰ , t h e n t h e p o w er i n a v er a g e i s n e g ati v e . Al s o,  t h e s y st e m mi g ht 

g e n er at e  e n er g y w hi c h  i s c all e d a cti v e s y st e m  [ 9] , [ 1 4]. A  p a s si v e n et w or k t h at c o nt ai n s 

p a s si v e el e m e nt s  i nt er c o n n e cti o n h a s t h e st a bilit y pr o p ert y [ 1 4]. 

2. 4  St at e -s p a c e a v er a gi n g m et h o d  

T e sti n g of a m ulti -c o n v ert er  s y st e m t h at c o n si st s s e v er al t y p e s of s wit c hi n g c o n v ert er i s 

t o o e x p e n si v e o wi n g t o t h e c o m pl e xit y a n d si z e of t h e s y st e m. T h u s , it i s e s s e nti al t o 

d e si g n  a l ar g e -si g n al  m o d el  f or a n al y si n g t h e s e s c h e m e s . M o d elli n g  a n d  si m ul ati o n a n al-

y si s of t h e s e ki n d of s c h e m e s  pri or  a s w ell a s t hr o u g h o ut t h e d e si g n ti m e  h a s n u m er o u s  

b e n efit s: all o w s t h e i nt er a cti o n s  a n d e v al u ati o n  a m o n g c o n v ert er s, d e cr e a si n g  e x p e n si v e 

r e d e si g n s, s u p p ort s tr a d e as w ell a s  p ar a m etri c st u di e s, s u p p ort s t h e d efi niti o n s of t e st 

c a s e a n d e x pl ai n s t e st a n o m ali e s [ 1 7]. T h e m aj or li mit ati o n of a p pl yi n g a v er a gi n g m et h od 

i s t h e c o n diti o n of s m all v ari ati o n s [ 2 3]. T h er ef or e, t h e c h a n c e s  of a p pl yi n g a v er a gi n g 

m et h o d s t o a m ulti -c o n v ert er d c s y st e m i s n ull  b e c a u s e  t h e s e s c h e m e s  c o nt ai n st at e 

v ari a bl e s. T h e st at e v ari a bl e s h o w s o s cill ati n g b e h a vi o ur a n d v ari ati o n s of l ar g e -si g n al.  

[ 1 7]  

H o w e v er, t h e st at e -s p a c e a v er a gi n g t e c h ni q u e utili z e s  F o uri er s eri e s al o n g wit h t h e c o-

effi ci e nt s of ti m e -d e p e n d e n c e. B y a p pl yi n g t hi s a p pr o a c h, n u m er o u s t y p e s of s wit c hi n g 

c o n v ert er s t h at c o nt ai n s diff er e nt st at e v ari a bl e w a v ef or m s c a n b e m o d ell e d (l ar g e -si g-

n all y). T y pi c all y, si m plif yi n g a p pr o xi m ati o n s ar e u s e d i n st at e -s p a c e a v er a gi n g t e c h-

ni q u e,  d uri n g w hi c h littl e i m p ort a n c e t er m s ar e r e m o v e d fr o m t h e st at e d s eri e s [ 1 8, 2 4] . 

T h e a p pli c ati o n of t hi s m et h o d al o n g wit h t h e m ai nt e n a n c e of d c a s w ell a s fir st h ar m o ni c 

c o effi ci e nt s t o w ar d s s y m m etri c al r e s o n a nt c o n v ert er s ( d c/ d c) pr o vi d e g o o d r e s ult s [ 2 4] . 

H o w e v er, t h e m ai n b e n efit s  of a p pl yi n g t hi s m o d ul ar m et h o d ar e [ 1 7] : 1) f or t h e s y st e m 

a n al y si s, it i n cr e a s e s ti m e st e p. T h er ef or e, t h e r e q uir e d c o m p ut er m e m or y a n d c o m p u-

t ati o n ti m e h a s b e e n r e d u c e d; 2) it si m plifi e s t h e a n al y si s pr o c e s s ; 3) si m ul ati o n of f a st 

a s w ell a s l ar g e -si g n al d y n a mi c s; 4) si m ul ati o n of  e a c h c o n v er t er i n n er st at e v ari a bl e s; 

5) it i s fl e xi bl e f or t h e m o difi c ati o n i n f ut ur e (if n e c e s s ar y); 6) it r e d u c e s t h e l ar g e s y st e m s 

m o d elli n g c o m pl e xit y t hr o u g h m o d elli n g a s u b s y st e m t h at i s l e s s c o m pl e x. [ 1 7]   
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The state-space averaging method [18, 24] is on the basis of circumstances that the 

waveshape 𝑥(𝑡) is possible to approximate in the rage of (𝑡 − 𝑇, 𝑡) by using Fourier se-

ries: 

                  𝑥(𝑡) = ∑ (𝑥)𝑘 (𝑡)𝑒
𝑗𝑘𝑤𝑡𝑛

𝑘= −𝑛                                (2.13) 

                 Here, ω = 
2𝜋

𝑇
 

                   (𝑥)𝑘(𝑡) = 
1

𝑇
∫ 𝑥(𝜏)
𝑡

𝑡−𝑇
𝑒−𝑗𝑘𝑤𝜏𝑑𝜏                         (2.14) 

In (2.13), 𝑛 value is related with the degree of accuracy which is required. if 𝑛 becomes 

infinity, the value of approximation error will approach to zero. Besides, If the term  𝐾 =

0 is considered only, same state-space averaging approach will exist [25] . If the state 

variable is nearly constant and does not have oscillating form, then 𝐾 = 0 term is only 

used. However, if the oscillating form exist only at state variable as like sine wave, then 

𝐾 = −1,1 term is used [17]. This technique is called as 1𝑠𝑡 harmonic approximation. 

Moreover, if the state variable contains an oscillating form and dc coordinate too, the 

term 𝐾 = −1,0,1 can be used. Considering more terms, more accuracy is being ensured. 

However, careful selection of 𝑇 for the purpose of modelling every single switching con-

verter is very important [17] . For example, 𝑇 is the converter switching period and output 

voltage major wave period in the inverter. The Fourier coefficient (complex) is (𝑥)𝑘(𝑡). 

[17]   

 

        Figure 2.11. Interconnected converters in the multi-converter DC systems 
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By applying state-space averaging method, a procedure for multi-converter power elec-

tronic dc systems modelling has been presented here. The switching converters as well 

as the dc systems subsystem are interconnected and modularised to develop the whole 

system. Consider Fig. 2.11 that depicts a multi-converter power electronic dc system 

with interconnecting converters [17]. Suppose the Fig. 2.11 switching converter is a dc/dc 

buck, pulse width-modulation (PWM), converter which works in continuous conduction 

mode (CCM). The converter has duty cycle 𝑑 and switching period 𝑇. By applying gen-

eralized state-space averaging technique [17], the commutation function 𝑢(𝑡) expressed 

as  

                      𝑢(𝑡) = {
1,                 0 < 𝑡 < 𝑑𝑇 
0,                 𝑑𝑇 < 𝑡 < 𝑇 

                         (2.15) 

The commutation function is depending on switching control of the circuit. 

 

                            Figure 2.12. PWM DC/DC converter 

 

Consider the Fig. 2.12 that shows the PWM buck converter [17]. The equations of state 

variable, in the operation mode of continuous conduction (CCM), is obtained through 

applying (2.15) to the state-space equations 

                               

{
 

 
𝑑𝑖𝐿

𝑑𝑡
= 

1

𝐿
 [𝑉𝑖𝑛𝑢(𝑡) − 𝑉𝑂]

𝑑𝑣𝑜

𝑑𝑡
= 

1

𝐶
 [𝑖𝐿 − 𝑖𝑜𝑢𝑡]

𝑖𝑖𝑛 = 𝑖𝐿𝑢(𝑡)

                          (2.16) 
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However, in this equation set of state space averaging model, real state-space variables 

are 𝑖𝐿 , 𝑣𝑜. These are circuit state variables Fourier coefficients. Applying 1𝑠𝑡 order ap-

proximation technique to find 𝑉𝑂 and 𝑖𝐿, there are six actual state variables that can be 

written as [17]  : 

                         ⟨𝑖𝐿⟩1 = 𝑥1 + 𝑗𝑥2, ⟨𝑖𝐿⟩0 = 𝑥5 

                         ⟨𝑉0⟩1 = 𝑥3+ 𝑗𝑥4, ⟨𝑉0⟩0 = 𝑥6.                      (2.17) 

As 𝑉𝑂 and 𝑖𝐿 are real, 

                          ⟨𝑖𝐿⟩−1 = ⟨𝑖𝐿⟩1∗,    ⟨𝑉0⟩−1 = ⟨𝑉0⟩1∗                      (2.18) 

Here the operator (*) represents the complex number conjugate. The state variables of 

the circuit are given by [17]  

                          𝑖𝐿 = 𝑥5 + 2𝑥1𝐶𝑜𝑠𝜔𝑡-2𝑥2𝑆𝑖𝑛𝜔𝑡 

                          𝑣𝑜= 𝑥6 + 2𝑥3𝐶𝑜𝑠𝜔𝑡-2𝑥4𝑆𝑖𝑛𝜔𝑡                                          (2.19) 

By applying Fourier coefficients time-derivative property in equation (2.16), and substi-

tuting the communication function Fourier coefficients 𝑢(𝑡) [17]  , 

                   ⟨𝑢(𝑡)⟩0 = 𝑑 , ⟨𝑢(𝑡)⟩1 = 
𝑗

2𝜋
(𝑒−𝑗2𝜋𝑑- 1)                                          (2.20) 

              ⟨𝑖𝑖𝑛⟩1 = [𝑑𝑥1 +
1

2𝜋
sin (2𝜋𝑑)𝑥5]+j[𝑑𝑥2 − 

1

2𝜋
(1 − cos(2𝜋𝑑)𝑥5]          (2.21) 

              ⟨𝑖𝑖𝑛⟩0 = [
1

𝜋
sin (2𝜋𝑑)𝑥1] − 

1

𝜋
(1 − cos(2𝜋𝑑)𝑥2+𝑑𝑥5                           (2.22) 

                        

⌊
 
 
 
 
 
 
𝑥1
∗

𝑥2
∗

𝑥3
∗

𝑥4
∗

𝑥5
∗

𝑥6
∗⌋
 
 
 
 
 
 

 = 

⌊
 
 
 
 
 
 
 
 
 0 𝜔
−𝜔 0
1

𝑐
0

−
1

𝐿
 0   0 0

0  −
1

𝐿
 0 0

−
1

𝑅𝐶
  𝜔  0 0

0 
1

𝑐

0 0
0  0

−𝜔  −
1

𝑅𝐶
0 0

0       0   0 −
1

𝐿

0         0
1

𝑐
−

1

𝑅𝐶⌋
 
 
 
 
 
 
 
 
 

 * 

⌊
 
 
 
 
 
𝑥1
𝑥2
𝑥3
𝑥4
𝑥5
𝑥6⌋
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                              + 0

⌊
 
 
 
 
 
 
 

𝑑

𝐿
                               0

0                                  
𝑑

𝐿

0                                 0

1

2𝜋𝐿
𝑆𝑖𝑛2𝜋𝑑

−
1

2𝜋𝐿
(1 − 𝑐𝑜𝑠2𝜋𝑑)

0
0                 0

1

𝜋𝐿
𝑆𝑖𝑛2𝜋𝑑 −

1

𝜋𝐿
(1 − 𝑐𝑜𝑠2𝜋𝑑)

0                  0

0
𝑑

𝐿

0 ⌋
 
 
 
 
 
 
 

 

                                 *[

𝑅𝑒{⟨𝑉𝑖𝑛⟩1}

𝐼𝑚{⟨𝑉𝑖𝑛⟩1}

⟨𝑉𝑖𝑛⟩0

] 

                                   + ∑

⌊
 
 
 
 
 
 
0 0
0 0
1

𝑐
0

0
0
0

0
1

𝑐

0 0
0 0

0
0

−
1

𝑐⌋
 
 
 
 
 
 

𝑁
𝑗=1  * 

⌊
 
 
 
 𝑅𝑒 {⟨𝑖𝑖𝑛𝑗⟩1}

𝐼𝑚 {⟨𝑖𝑖𝑛𝑗⟩1}

⟨𝑖𝑖𝑛𝑗⟩0 ⌋
 
 
 
 

                    (2.23) 

The above equations from (2.21) – (2.23) [17], represents the state-space averaged 

model of buck converter where load converter input current is written as 𝑖𝑖𝑛𝑗 and the 

converter resistive load is written as 𝑅. 

 

2.5 Discussion and comparison of stability criteria 

From the stability criteria as discussed above, it has been understood that several as-

pects are similar for every single stability criterion which are based on minor loop gain. 

All of them impose conditions for stability on the ratio of load/source impedance. They 

are on the basis of forbidden regions of the minor loop gain polar plot. They also define 

specification for the load impedance design for a given source impedance. One more 

important feature observed to the reviewed stability criteria is that they propose neces-

sary condition only for the system stability. Consequently, even the violation of least con-

servative stability criteria occurs but the system can still be stable [20] .  

Middlebrook criterion is very design oriented which is the major advantage of applying it. 

It only depends on impedance magnitude. As a result, its application is simpler. Another 

significant benefits of Middlebrook stability criterion is that, by applying extra element 

theorem, system interaction effect on dynamic performance is addressed by it. Its major 

drawback is that it can lead to artificial conservativeness in designing DC systems, i.e; it 

provokes to the filter component design much bigger than required. Another significant 
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limitation of Middlebrook criterion is that, if the changes in direction of power flow occurs, 

in case the load and source impedance role swaps once, the Middlebrook criterion will 

be violated always. The reason for this violation is, if Zo/Zi exist in inside the unit circle, 

Zi/Zo will lie necessarily outside the unit circle [20]  . 

However, The PBSC, as discussed over, is the stability analysis method on the basis of 

a different thought. This technique does not impose passivity condition on an impedance 

ratio at the system surface. In place of that, it imposes passivity condition on the whole 

bus impedance. In practice, the PBSC has several advantages [20]  : 1) Multiple inter-

connected converters can easily be handled by it. 2) The changes in direction of power 

flow is not an issue for PBSC as assumption is not made for it. 3) Unlike other stability 

analysis methods, sensitivity towards component grouping is not the characteristics of 

PBSC. 4) Unlike online measurement of the minor loop gain, the online measurement of 

bus impedance is easy to do where complex post processing is not required. Therefore, 

PBSC is preferred for stability monitoring of a system. 5) The PBSC lends itself to the 

stabilizing controller design for introducing active damping impedance. 6) It eliminates 

the problem of allotting conditions to prevent from the encirclement of (-1,0) point, while 

it is common to other stability criteria. Notice that, like other stability analysis methods, 

an adequate condition for stability is provided by PBSC [20] . It means that while the 

Nyquist contour of systems bus impedance lies totally on the right half plane (RHP) then 

the resultant scheme is passive [20] . Therefore, the system is surely stable. However, 

when the system bus impedance Nyquist contour lies on the LHP for few frequency com-

ponents, the system is active. As a consequence, the condition of stability of the scheme 

cannot be stated, whether it is stable or not. The major disadvantage of applying PBSC 

comes from the nature of its own. Precisely, it is difficult to define the stability margin of 

a system because the total system bus impedance depends on passivity assessment 

[20] . Unlike other methods (such as: Minor loop gain method), it cannot be correlated to 

Nyquist stability criterion so easily, that instead allows sufficient and necessary condi-

tions for the system stability. Because of this cause, it is not easy to relate the PBSC with 

classical control theory. [20]. However, a table has been shown in Fig. 2.13, that con-

cludes all the major stability criteria and their pros and cons.  
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             Figure 2.13. Pros and cons of the major stability criteria 
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3. CONTROL OF MULTI-CONVERTER SYSTEMS 

It has been discussed before that, the stability of a multi-converter system depends on 

interaction in between subsystems, though each sub system is stable individually. In 

earlier, the interaction of subsystem was not so important issue because a strictly regu-

lated switching converter needs to work under the output impedance of small source. 

Besides, the converter had to deal mostly the passive loads. In recent times, the subsys-

tem interaction is a significant problem due to the increased use of switching converters 

and electric drives. In a multi-converter system, the power electronic converter dynamics 

can be changed through the subsystem where it is attached. 

However, many approaches have been taken for solving this interaction problem in a 

multi-converter DC system. These approaches are classified into passive and active. In 

passive approach, dc link capacitor banks and passive damping circuits have been used 

[26]. But it has drawbacks in case of weight, size and cost, owing to the use of bulky 

components. Besides, as the capacitance of bus increased, it can result in high inrush 

current issue as well as weak dynamic performance at output [26]. An alternative way to 

overcome all of these drawbacks is active approach. Examples of active approaches are, 

intermediate line filter, active bus conditioner, power buffering and buck-derived line con-

ditioner. However, these active approaches require more power electronic devices and 

the drawback is, the control scheme will be more complicated that is not useful for a 

multi-converter system.  

Therefore, as an alternate of active damping method, the positive feedforward (PFF) 

control approach has been introduced here. PFF will perform the stability improvement 

of a feedback-controlled converter that is damaged owing to the interaction of source 

subsystem. This is attained through modifying the input side impedance of load con-

verter. Therefore, it shows positive real part in the range of frequencies where contact 

happens.    

Besides, the modification of a power electronic converter input and output impedance is 

also possible by imposing control action. Typically, feedforward control of input voltage 

and feedback control of output voltage are used for control purpose. Figure. 3.1 shows 

a switching converter that has been applied in multi converter system. Here, 𝑍𝑆 is the 

source systems combined impedance representation which is viewed at converter input 

terminal and 𝑍𝐿 is the load systems combined impedance representation which is viewed 
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at converter output terminal. The feedforward controller of input voltage is denoted by 

𝐺𝐶𝐹𝐹 and the feedback controller of output voltage is denoted by 𝐺𝐶𝐹𝐵, as presented in 

Fig. 3.1 

 

Figure 3.1. A switching converter (regulated) with impedances of source and load sub-
systems 

There exist two types of approach to improve stability of a system which are, active and 

passive approach. Conventional passive approach is damping of power filter and addi-

tion of decoupling capacitors at the input terminal of converter. In the damping of power 

filter method, a damping circuit with appropriate design is introduced at the input filter. 

This dismiss the output impedance resonant height of the input filter to abstain from in-

teraction. However, passive approach has some drawbacks such as, the rise of system 

cost, weight and size owing to the addition of passive components [27] . Another draw-

back is that EMI issues may create by the modified input impedance. Finally, the rise of 

bus capacitance can create inrush problems and may be undesirable otherwise. [27]  

On the other hand, the active approach that has been employing positive feedforward 

control is mainly more attractive. Since, improvement of stability is gained through the 

control action that has no modification of hardware. Moreover, the stabilizing effect ad-

justment of positive feedforward control could be done in online by applying adaptive 

control method [27]. This method is used to compensate the source impedance varia-

tions.  

However, the regulation of a converter input and output characteristics is possible by 

using a controller. In that case, both positive feedforward control and feedback control is 

utilized [27]. The positive feedforward control behaves as an active filter, because it reg-

ulates the converter input port characteristics at higher frequencies. While the negative 
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feedback control acts like a typical feedback control system, as it controls the converter 

output voltage at low frequencies.[27]  

3.1 Intermediate line filter 

In most of the power electronic applications, the intermediate line filter is applied in be-

tween two cascaded connected converters. The purpose of this filter is to prevent the 

load converter pulsating input current reflection to the line conditioner [28]. As the inter-

action of a filter with a switching converter is poor, so that there is a severe degradation 

of performance or unstability occurs [8, 29]. An intermediate line filter that is located in 

between the load converter and line conditioner can interact easily with both. Therefore, 

a line filter needs to be constructed such a way that it can avoid connections with both 

the load converter and line conditioner. 

The goals of avoiding connections at both filter sides requires design procedure in sys-

tematic way. Unlike other conventional design technique [8], this design procedure needs 

to incorporate the input filter impedance characteristics and the impedance characteris-

tics of output. 

 

Figure 3.2. Compatibility requirements of impedance |𝒁𝒐𝒄| « |𝒁𝑰𝑭|, |𝒁𝑶𝑭| « |𝒁𝑰𝑪| 

Consider the Fig. 3.2 from where the following compatibility requirements of impedance 

can be described as: 

1) |𝑍𝑜𝑐| « |𝑍𝐼𝐹| at Interface A (the interface in between line conditioner and filter) and 

2) |𝑍𝑂𝐹| « |𝑍𝐼𝐶| at Interface B (the interface in between load converter and the filter) 

Here, 𝑍𝑜𝑐, 𝑍𝐼𝐹, 𝑍𝑂𝐹, 𝑍𝐼𝑐 represents the impedance of input and output that can be seen 

from respective interface. 
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Ideally, the intermediate line filter needs to be designed by considering the filter input 

impedance along with downstream load converter (𝑍𝐼𝐹) and the filter output impedance 

with upstream line conditioner (𝑍𝑂𝐹). However, the establishment of following relationship 

is possible, if the compatibility requirements of impedance are satisfied [28] : 

                        |𝑍𝐼𝐹
∗ |𝑚𝑖𝑛 ≈ |𝑍𝐼𝐹|𝑚𝑖𝑛 

And                  |𝑍𝑂𝐹
∗ |𝑚𝑎𝑥 ≈   |𝑍𝑂𝐹|𝑚𝑎𝑥 

Where 𝑍𝐼𝐹 depicts the filter input impedance with the open output port, and 𝑍𝑂𝐹 repre-

sents the filter output impedance with the shorted input port. Thus, 𝑍𝐼𝐹 as well as 𝑍𝑂𝐹 is 

possible to use as parameters (design) while designing an intermediate line filter. How-

ever, based on preceding conversations, the following line filter design requirements can 

be expressed: 

 The highest input impedance, (𝑍𝐼𝐹), to limit the contacts with line conditioner, 

 The lowest output impedance, (𝑍𝑂𝐹), to limit the contacts with load converter, 

 A current attenuation (specified), 𝐴𝐼𝐹, for smoothing the input current (pulsating) 

of load converter.  

However, one of the important issues to note is the input impedance design goals are 

conflicting with output impedance. As the filter input impedance and the output imped-

ance are proportional to their characteristic resistance [30] , the designed filter for a input 

impedance generates larger output impedance too. Therefore, a cautious design for the 

line filter needs to be made for compromising these requirements that are conflicting. 

One strategy that offers both minimum possible interactions and desired attenuation of 

current is as follows: 

1) Determining the desired current attenuation at switching frequency 

2) Calculating the highest magnitude of the line conditioner output impedance, 

|𝑍𝑜𝑐|𝑚𝑎𝑥 

3) Calculating the highest magnitude of the load converter input impedance, 

|𝑍𝐼𝐶|𝑚𝑖𝑛 and 

4) Designing the filter, so 

                                      |𝑍𝐼𝐹|𝑚𝑖𝑛 = |𝑍𝑂𝐹|𝑚𝑎𝑥 
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                                                    = 
|𝑍𝐼𝐶|𝑚𝑖𝑛+ |𝑍𝑜𝑐|𝑚𝑎𝑥

2𝑘
       (𝑘 ≥ 1)              (3.1) 

          While the desired attenuation of current is provided. 

Assuming 𝑘 = 1 and |𝑍𝑂𝐶|« |𝑍𝐼𝐶|, in this scenario the design ensures the impedance gap 

at both A and B interface is 

                                        |𝑍|𝑔𝑎𝑝 = 
|𝑍𝐼𝐶|𝑚𝑖𝑛− |𝑍𝑜𝑐|𝑚𝑎𝑥

2
                         (3.2) 

If |𝑍𝐼𝐶|𝑚𝑖𝑛 is minimum 30 dB bigger than |𝑍𝑜𝑐|𝑚𝑎𝑥, an impedance gap of 15 dB will be 

offered by the line filter at both A and B interfaces. This gap will isolate any significant 

interaction with switching converters [28] . 

In equation (3.1), 𝑘 provides a trade-off of design to determine an impedance gap at A 

and B interfaces. If condition |𝑍𝑂𝐶|« |𝑍𝐼𝐶| is not satisfied, larger 𝑘 will be needed because 

at B interface the interaction is much detrimental than at interface A. However, owing to 

the undesirable characteristic of phase, a severe degradation of performance can hap-

pen if |𝑍𝑂𝐹
∗ |« |𝑍𝐼𝐶| is not contented. The 𝑘 upper limit needs to be selected on the basis 

of smallest impedance gap (at A interface).  

There are two prerequisites in implementing the filter design. Knowledge of |𝑍𝑜𝑐|𝑚𝑎𝑥 and 

|𝑍𝐼𝐶|𝑚𝑖𝑛 is the first prerequisite. Hence, |𝑍𝑜𝑐|𝑚𝑎𝑥 can be found from the measurements 

or a small-signal analysis, |𝑍𝐼𝐶|𝑚𝑖𝑛 can be assumed closely from the load converter op-

erating point (DC). The second one is the systematic procedure for designing intermedi-

ate filter, which meets specifications simultaneously for current attenuation, input imped-

ance and output impedance.  

3.2 Buck derived line conditioner 

A multi-converter power electronic system usually consists twice stages of DC-DC con-

verters (Fig. 3.3). At first stage, a regulated voltage (dc) is provided by the line conditioner 

for the intermediate bus and at the second stage, an intermediate bus voltage is con-

verted by the load converter to a strictly controlled voltage for every load. In addition to 

the power stage parameters of the line conditioner, load parameters are also necessary 

for characterizing the line conditioner small-signal dynamics [31]. The first parameter is 

the ratio of output dc voltage as well as current that is taken from the power stage of the 

line conditioner. This parameter is symbolized as 𝑅𝑑𝑐. The next parameter is load imped-

ance that is seen by the line conditioner output and it is symbolized as 𝑍𝑎𝑐. This load 



31 
 

impedance corresponds to load converters downstream input impedance. However, ow-

ing to the load impedance non-resistive characteristics, the line conditioner dynamics 

substantially differs from a typical converter that has resistive load. A line conditioner that 

is properly designed applying typical design methods [32], can become unstable if load 

converters are loaded. 

 

Figure 3.3. A power electronic system that consists of line conditioner and load convert-
ers 

In many power electronic systems, the current control mode is employed by the line 

conditioner, as it is superior than single-loop control. Fig. 3.4 depicts a schematic dia-

gram of buck derived line conditioner (current mode controlled) along with converters at 

load side. The line conditioner parameters are selected carefully for a conventional 

power electronic system application. Fig. 3.5 shows small-signal model of fig. 3.4 for the 

operation of continuous conduction mode [33, 34] , where the load converter input im-

pedance is represented as 𝑍𝑎𝑐, and the ratio of line conditioner output voltage and cur-

rent is represented as 𝑅𝑑𝑐 

 

Figure 3.4. A schematic diagram of buck derived line conditioner along with load con-
verters 
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Figure 3.5. A small-signal model of line conditioner for the operation of CCM 

From Fig. 3.5, the duty cycle to power stage outcomes transfer function can be ex-

pressed as 

                        
𝑉𝑂

𝑑
 = 

𝑉𝑔(1+𝑠𝐶𝑅𝐶)

1+ 𝑠 𝑄𝜔𝑂⁄ +𝑆2 𝜔2⁄
                (3.3) 

        Where,  

                              𝜔𝑂 =  √
1

𝐿𝐶
                         (3.4) 

        And,        𝑄 = 
1

𝜔𝑜
 

𝑍𝑎𝑐

(𝑍𝑎𝑐𝐶𝑅𝑐+𝐿)
                      (3.5) 

The equations mentioned above can be applied for analysis, there exist 𝑍𝑎𝑐 which readily 

makes the design and analysis more interactive. Besides, in most of the cases the prior 

information regarding 𝑍𝑎𝑐 is unavailable. Therefore, it is more practical to apply approxi-

mation for 𝑍𝑎𝑐. As described in [35, 36] , the load converter input impedance acts as 

negative resistance till the crossover frequency of load converters loop gain. Therefore, 

for the evaluation and design purposes, 𝑍𝑎𝑐 is substituted with its negative resistance 

[35]  , - 𝑅𝑎𝑐 = - 𝑉𝑜 𝐼𝑜⁄ , without harming the accuracy of analysis. The validity of using - 𝑅𝑎𝑐 

is confirmed fully in[35, 36] . With this replacement, it is ensured that if 𝐿 >  𝑅𝑎𝑐𝐶𝑅𝑐 the 

system is unstable at open loop, that is the case for real applications.  
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However, only the current loop is not enough to stabilize the stage of power which is 

unstable. The control to output power stage transfer function of line conditioner, where 

current loop is closed only, can be expressed as 

                        
𝑉𝑜

𝑉𝑐
 ≈ 𝑘 (

1+𝑠𝐶𝑅𝑐

1+ 𝑠 𝜔𝑝𝐿⁄
)

1

1+ 𝑆 𝜔𝐻⁄ 𝑄𝐻 + 
𝑆2

𝜔𝐻
2⁄
              (3.6) 

   Where 

                         𝐾 = 
−𝑅𝑎𝑐

𝑅𝑖(
−𝑅𝑎𝑐𝑇𝑠

𝐿
 (𝑚𝑐𝐷

∗−0.5)+1)
                          (3.7) 

                    𝜔𝑃𝐿 = - 
1

𝑅𝑎𝑐𝐶
 + 

𝑇𝑆

𝐿𝐶
 (𝑚𝑐𝐷

∗ − 0.5)                        (3.8) 

                    𝑄𝐻 = 
1

𝜋(𝑚𝑐𝐷
∗−0.5)

                                              (3.9) 

                     𝜔𝐻 = 
𝜋

𝑇𝑆
                                                         (3.10) 

         With    𝐷∗ = 1 − 𝐷, and 

                    𝑚𝑐 = 1 + 
𝑆𝑒

𝑆𝑛
                                                     (3.11) 

Here, external ramp slope is denoted as 𝑆𝑒 and on-time inductor current (sensed) slope 

is denoted as 𝑆𝑛. In equation (3.6), the subscript 𝑝𝐿 of 𝜔𝑝𝐿 depicts that the pole appears 

when the frequency is low. Similarly, the appearance of double pole at high frequency is 

indicated by subscript 𝐻 that is applied in 𝑄𝐻 as well as 𝜔𝐻. 

Equation (3.6) shows that 𝜔𝑝𝐿 is unstable RHP pole if  

                                1 >
𝑇𝑆𝑅𝑎𝑐

𝐿
 (𝑚𝑐𝐷

∗ − 0.5)                       (3.12) 

Which is true for most of the cases. Hence the condition (3.12) indicates that the transfer 

function gain at low frequency is negative.  

 The feedback compensaton of voltage (𝐹𝑉) in Fig. 3.4 and 3.5, should stabilize unstable 

𝜔𝑝𝐿, while delivering excellent closed-loop performance. For the reason of this, two pole 

single zero compensation could be applied 

                                𝐹𝑉 = 
𝐾𝑚(1+ 

𝑠
𝜔𝑧⁄ )

𝑆(1+ 𝑠 𝜔𝑝⁄ )
                                    (3.13) 
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Here, 𝜔𝑝 is located at the power stage zero, 𝑤𝑒𝑠𝑟 = 
1

𝐶𝑅𝐶
  and 𝑤𝑧 is selected for the transient 

response settling time. The gain 𝑘𝑚 of integrator can be modified for a closed-loop 

system to obtain phase margin [37]. Fig. 3.6 shows a circuit that provides transfer 

function which is given by equation (3.13). However, the measured loop gain at A in Fig. 

3.5 can be expresed as 

                        𝑇 = 𝐾
𝐾𝑚(1+ 𝑆 𝜔𝑍⁄ )

𝑆(1+ 𝑆 𝜔𝑃𝐿⁄ )
 

1

1+ 𝑆 𝜔𝐻𝑄𝐻+ 𝑆
2 𝜔2⁄⁄

               (3.14) 

               With 𝐾 < 0 and 𝜔𝑝𝐿 < 0. 

 

     Figure 3.6. Feedback compensaton of voltage implementation circuit 

It is more appropriate to apply Nyquist stability criterion in establishing a closed-loop 

system stability. Since the RHP loop gain consists single pole, (-1,0) point must be en-

circled by its polar plot once to meet Nyquist criterion. However, buck-derived line con-

ditioner should have sufficient integrator gain for maintaining the stability. Decreasing the 

gain of integrator and looking for more moderate design, eventually weakens the line 

conditioner. This contrast with buck converter case, where reducing feedback gain typi-

cally enhances the stability margins.  

3.3 Active bus conditioner 

An active bus conditioner has been proposed for a power electronic system that consists 

of a dc bus conditioner, source converter and load converter. The load current is sepa-

rated into two types. The first category is dc component that is correlated to active power 

and the second one is ac component that represents reactive power. A large portion of 

total power electronic system is encompassed by dc component and it is assigned to-

wards the converter at source. A small percentage of total power is taken by the reactive 
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power and it is assigned towards the bus conditioner. The switching frequency of source 

converter is comparatively low as it is limited by the high-power rating. Only lower range 

of frequency is covered by system bandwidth, whereas the dc bus conditioner handles 

smaller power as well as it switches at high frequency. Hence, it has high system band-

width for dealing with system dynamics of high order. A dc bus conditioner has contribu-

tion to a system in many ways [38]. Firstly, harmonic currents of large signal are shunt 

by it from dc bus. Secondly, it enhances the dynamic response of a system, as its system 

bandwidth is higher. Thirdly, it helps for maintaining the stability of the bus. However, a 

small signal analysis depicts that it is possible for bus conditioner to enhance the con-

verter input impedance in mid frequency range. Fig. 3.7 illustrates the concept of bus 

conditioner [38]. 

 

                         Figure 3.7. An active bus conditioner concept 

Fig. 3.7 shows the dc bus conditioner along with its functional blocks for control purposes 

[38]. In this figure, there is a boost-buck structure having half bridge leg, input inductor 

and a capacitor. In the boost-mode operation, the switch of the bottom as well as the 

phase-lag top diode are activated. The energy storage capacitor absorbs energy from 

dc bus. In buck operation mode, the bottom diode and switch are activated. The capacitor 

releases back to its absorbed energy to the dc bus. The storage capacitor could be 

smaller, as no other loads are there. Therefore, it can tolerate the highest voltage ripple 

[38].  
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           Figure 3.8. The dc bus conditioner with functional blocks 

Fig. 3.8, depicts that the load current is sent towards band-pass filter [38] . It is utilized 

for determining the range of frequency in which the dc bus conditioner have to respond. 

The passing band lower end will decide the maximum storage of energy because the 

small frequency current typically comprises high energy. Its upper end of passing band 

is restricted via the switching frequency. The band-pass filter outcomes is applied, for 

current loop, as reference signal. The loop current produces duty cycles, towards active 

switches, to generate a current which is in opposite polarity of ac current. In the system 

transients, the response of bus conditioner is faster to deliver transient energy for a mo-

ment [38]. A slower loop of voltage is utilized for putting control on duty cycles for making 

up the capacitor voltage loss/gain.  

However, the important factors for designing a bus conditioner is the switching fre-

quency, power rating and the requirements of system bandwidth. In selecting the capac-

itor, there needs to consider the thermal problem as well as power loss which is occurred 
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by the voltage ripple, ripple current and the cost. The inductor design needs to trade off 

both the bus conditioner response time and the ripple current [38] . 

 

               Figure 3.9. The bus conditioner control block diagram 

Fig. 3.9 demonstrates control block diagram of a DC bus conditioner that has a voltage 

and current loop. Furthermore, the transfer function obtained from duty ratio to inductor 

current as well as duty ratio to voltage of capacitor was by using the equations (3.15) 

and (3.16). This transfer function contains a double-pole and some zeros. 𝐶𝑖(𝑠) and 

𝐶𝑣(𝑠) are the compensator of current and voltage respectively [38] . Besides, Rk and Ri 

are sensor gains of voltage and current. The modulator gain is depicted by Fm. The two 

low pass filter along with several cut-off frequencies is written as FL1 (s) and FL2(s). The 

sampling delay is taking care by He(s). These low-pass filter make the band pass filters 

passing band [38] . However, the energy capacitor is treated like a short-circuit in small 

signal analysis of high frequency; the effect of capacitor can be overlooked in Fi(s) trans-

fer function and it can be expressed as 
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                𝐹𝑖(𝑠)  = 
𝐼𝐿∗

𝑑∗
  =  

𝐼𝐿

𝐷
 

(𝑠 𝑤𝑧⁄ +1)

[
𝐿𝐶

𝐷2
𝑆
2+(

𝑅𝐿
𝐷2

+ 𝑅𝐶)𝐶𝑆+1]

                (3.15) 

               𝐹𝑣(𝑠)  = 
𝑣𝑐

𝑑∗
  = 

𝑅𝐿𝐼𝐿−𝐷𝑉𝑐

𝐷2
 
(𝑠 𝑤𝑧1⁄ +1)(𝑠 𝑤𝑧2⁄ +1)

[
𝐿𝐶

𝐷2
𝑆
2+(

𝑅𝐿
𝐷2

+ 𝑅𝐶)𝐶𝑆+1]

         (3.16)        

From control diagram, the transfer function is found as,  

            
𝐼𝐿∗

𝐼𝐿𝑟𝑒𝑓
∗  = 

𝐶𝑖(𝑆)𝐹𝑚𝐹𝑖(𝑠)

1+𝑇𝑖
 (𝐹𝐿2(𝑠) − 𝐹𝐿1(𝑠))                 (3.17) 

In equation (3.17), the term 𝑇𝑖 represents loop gain of current. 

            𝑇𝑖 = 𝐹𝑖(𝑠)𝑅𝑖𝐻𝑒(𝑠)𝐶𝑖(𝑠)𝐹𝑚                              (3.18) 

An integrator is utilized as voltage loop compensator that has some functions. One func-

tion is maintaining the storage of certain energy onto the capacitor. Another function is 

slowing down the current transient of high frequency into lower frequency dynamics. It 

has narrow bandwidth and a high gain [38] .  

3.4 Power Buffer 

There are lots of research going on providing the solutions of stability problem [39-41] . 

One of the most popular approach is adding resistance towards the filter at input terminal. 

Thus, the quality factor will be lower and negative resistance will be removed. This is 

done either by increasing resistance or via the addition of big shunt capacitor. This addi-

tion not only transforms the systems frequency characteristics but also includes positive 

resistance [42] . 

In a power electronic dc system, simplification of power buffering can be done, since in 

most dc-dc converters topologies no stage of front-end rectifier is in there. There exist 

two techniques by which the application of power buffer is possible to improve the sta-

bility in a dc system. The initial approach is controlling the power buffer for presenting 

positive impedance towards the source. The another approach is to decrease a converter 

control-loop gain, thus reducing its frequency range and lowering the control bandwidth 

over which it shows the characteristics of negative impedance [42] . 
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                    Figure 3.10. A dc system that utilizes a power buffer 

Fig. 3.10 shows a dc system that utilizes a power buffer. The power buffer is comprised 

of a dc-dc switching converter and a capacitor (a storage element). Hence the response 

time is being slows by power buffer that can be seen at line side for producing a dynamic 

characteristic. This dynamic characteristic is more likely to generate stability [42]. 

However, if the capacitor in Fig. 3.10 is big enough for delivering load energy in a small 

interval, there is another way to reduce the loop gain. The power buffer is also possible 

to be programmed for temporary presenting the source along with positive impedance 

[42] . Briefly this principle is; when a transient (line-side) is noticed, the control strategy 

of converter is altered to an input-current based technique. The input current can remain 

constant or it can be controlled for following 𝑉𝑖𝑛 𝑅𝑒𝑞⁄ . Here 𝑅𝑒𝑞 is equivalent resistance 

(in input) which shows current of pre-transient. As in [43] , the capacitor of load-side 

should come up with an energy difference in a short time. Eventually the 𝑅𝑒𝑞 value is 

slightly altered to let the recovery of capacitor[42] . Since in 𝑅𝑒𝑞, the changes are gradual 

and smaller, so that there is zero effect of negative incremental impedances. Transient 

control may not solve problems with a system that is undersized. However, it supports 

the transients of short term such as motor starts and inrush currents of filters. The con-

trolled-resistance technique is useful particularly for multiple-stage switching converters, 

as the load regulation is not necessarily to be associated with the capacitor at load side 

[42]. This control technique, as a consequence, have the capability to make the converter 

input impedance positive in appear over small intervals and with any value. 
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3.5 Small signal modelling of a converter 

 

Figure 3.11. A converter system small signal model by using terminal quantities of g-
parameter for converter representation. 

A converter system small-signal model can be depicted by g-parameter illustration [44]  

applying two port linear modelling approach. Fig. 3.11 depicts a block diagram that rep-

resents the whole system including the feedback and feedforward controllers. The con-

verter small-signal model block diagram is presented in Fig. 3.12. The inputs are pertur-

bation voltage 𝑉𝑔, load current 𝑖𝑙𝑜𝑎𝑑 and duty cycle 𝑑 . Hence the second input is the 

disturbance and the control input is the third one (𝑑). The two outcomes are input current 

𝑖𝑖𝑛 and output voltage 𝑣 . From Fig. 3.12, the matrix expression of converter system 

(open loop) is given as [27]   

                     [
𝑖𝑖𝑛
𝑣
] = [

1

𝑍𝑖𝑛_𝑂𝐿
𝐺𝑖𝑑_𝑂𝐿 𝐺𝑖𝑖_𝑂𝐿

𝐺𝑣𝑔_𝑂𝐿 𝐺𝑣𝑑_𝑂𝐿 −𝑍𝑜𝑢𝑡_𝑂𝐿
] [

𝑉𝑔
𝑑
𝑖𝑙𝑜𝑎𝑑

]            (3.1) 

Where, the open loop quantities are denoted by OL subscript. Here,  𝑍𝑖𝑛−𝑜𝐿 denotes 

open loop (OL) input impedance, 𝐺𝑖𝑑−𝑂𝐿 denotes current output control input OL control-

ler, 𝐺𝑖𝑖_𝑂𝐿 depicts current input current output OL controller, 𝐺𝑣𝑔_𝑂𝐿 denotes voltage input 

voltage output OL controller. 
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Figure 3.12. A small signal model of converter block diagram applying g-parameter 

However, the small signal model is attained for negative feedback control through re-

placing in (3.1) the expression 𝑑 = −𝐺𝐶𝐹𝐵𝑉. The matrix form result is [27] : 

                       [
𝑖𝑖𝑛
𝑣
] = [

1

𝑍𝑖𝑛_𝐹𝐵
𝐺𝑖𝑖_𝐹𝐵

𝐺𝑣𝑔_𝐹𝐵 −𝑍𝑜𝑢𝑡_𝐹𝐵
] [

𝑣𝑔
𝑖𝑙𝑜𝑎𝑑

]                     (3.2) 

Here, feedback control is denoted by FB. Where, 𝐺𝑖𝑖_𝐹𝐵 and 𝐺𝑣𝑔_𝐹𝐵 are the controller of 

feedback controlled. The loop gain of feedback control is expressed as  𝑇𝐹𝐵 = 𝐺𝐶𝐹𝐵𝐺𝑣𝑑_𝑂𝐿 

. The transfer function of above result is given by 

           
1

𝑍𝑖𝑛_𝐹𝐵
 = 

1

𝑍𝑖𝑛_𝑂𝐿

1

1+𝑇𝐹𝐵
 + (

1

𝑍𝑖𝑛_𝑂𝐿
− 

𝐺𝑖𝑑_𝑂𝐿𝐺𝑣𝑔_𝑂𝐿

𝐺𝑣𝑑_𝑂𝐿
)

𝑇𝐹𝐵

1+ 𝑇𝐹𝐵
             (3.3) 

                     = 
1

𝑍𝑖𝑛_𝑂𝐿

1

1+𝑇𝐹𝐵
 +

1

𝑍𝑁_𝑣𝑑_𝑂𝐿
 
𝑇𝐹𝐵

1+ 𝑇𝐹𝐵
 

                  𝑍𝑜𝑢𝑡_𝐹𝐵 = 
𝑍𝑜𝑢𝑡_𝑂𝐿

1+ 𝑇𝐹𝐵
                                                        (3.4) 
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                  𝐺𝑣𝑔_𝐹𝐵 = 
𝐺𝑣𝑔_𝑂𝐿

1+ 𝑇𝐹𝐵
                                                          (3.5) 

                 𝐺𝑖𝑖_𝐹𝐵 = 𝐺𝑖𝑖_𝑂𝐿 + 
𝐺𝑖𝑑_𝑜𝑙𝑍𝑜𝑢𝑡_𝑂𝐿

𝐺𝑣𝑑_𝑂𝐿

𝑇𝐹𝐵

1+ 𝑇𝐹𝐵
                              (3.6) 

Here, 𝑍𝑁_𝑣𝑑_𝑂𝐿 in (3.3) denotes the input impedance for ideal feedback control. However, 

this impedance can make the system unstable. Because, it consists of a negative real 

part while the frequency is low. 

The small signal model is obtained for positive feedforward control by substituting in (3.1) 

the expression 𝑑 = 𝐺𝐶𝐹𝐹𝑉𝑔. An equivalent loop gain for feedforward control can be ex-

pressed as  𝑇𝐹𝐹 = 𝐺𝐶𝐹𝐹𝐺𝐼𝑑_𝑂𝐿.  

              [
𝑖𝑖𝑛
𝑣
] = [

1

𝑍𝑖𝑛_𝐹𝐹
𝐺𝑖𝑖_𝐹𝐹

𝐺𝑣𝑔_𝐹𝐹 −𝑍𝑜𝑢𝑡_𝐹𝐹
] [

𝑣𝑔
𝑖𝑙𝑜𝑎𝑑

]                                  (3.7) 

The transfer function of above matrix result is: 

             
1

𝑍𝑖𝑛_𝐹𝐹
 = 

1

𝑍𝑖𝑛_𝑂𝐿
 + 𝑇𝐹𝐹                                                          (3.8) 

             𝑍𝑜𝑢𝑡_𝐹𝐹 = 𝑍𝑜𝑢𝑡_𝑂𝐿                                                             (3.9) 

            𝐺𝑣𝑔_𝐹𝐹 = 𝐺𝑣𝑔_𝑂𝐿 + 
𝐺𝑣𝑑_𝑂𝐿

𝐺𝑖𝑑_𝑂𝐿
𝑇𝐹𝐹                                             (3.10) 

            𝐺𝑖𝑖_𝐹𝐹 = 𝐺𝑖𝑖_𝑂𝐿                                                                  (3.11) 

Finally, the small signal model is obtained for the combination of both negative feedback 

and positive feedforward control system [27]. By substituting in equation (3.1) the ex-

pression 𝑑 = −𝐺𝐶𝐹𝐵𝑣 + 𝐺𝐶𝐹𝐹𝑣𝑔,we get the result is: 

          [
𝑖𝑖𝑛
𝑣
] = [

1

𝑍𝑖𝑛_𝐹𝐹𝐹𝐵
𝐺𝑖𝑖_𝐹𝐹𝐹𝐵

𝐺𝑣𝑔_𝐹𝐹𝐹𝐵 −𝑍𝑜𝑢𝑡_𝐹𝐹𝐹𝐵
] [

𝑣𝑔
𝑖𝑙𝑜𝑎𝑑

]                                (3.12) 

In (3.12) the feedback and feedforward control are denoted by FFFB subscript. However, 

the transfer functions are: 

               
1

𝑍𝑖𝑛_𝐹𝐹𝐹𝐵
 = 

1

𝑍𝑖𝑛_𝑂𝐿

1

1+𝑇𝐹𝐵
 + 

1

𝑍𝑁_𝑣𝑑_𝑂𝐿
 
𝑇𝐹𝐵

1+ 𝑇𝐹𝐵
 + 

𝑇𝐹𝐵

1+ 𝑇𝐹𝐵
                 (3.13) 

              𝑍𝑜𝑢𝑡_𝐹𝐹𝐹𝐵= 𝑍𝑜𝑢𝑡_𝐹𝐵                                                            (3.14) 
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               𝐺𝑣𝑔_𝐹𝐹𝐹𝐵 = 
𝐺𝑣𝑔_𝐹𝐹

1+ 𝑇𝐹𝐵
                                                              (3.15) 

              𝐺𝑖𝑖_𝐹𝐹𝐹𝐵 = 𝐺𝑖𝑖_𝐹𝐵                                                                (3.16) 

It is seen from above equation (3.8) and (3.13) that the negative feedback control domi-

nates the input impedance at low frequencies when input impedance is controlled in 

combine. On the other hand, the positive feedforward control dominates at high frequen-

cies [27]. Therefore, when combined control is used, negative feedback control is em-

ployed to control the output port of the system while the frequency is low and positive 

feedforward control regulates the systems input port at high-level frequencies. The pos-

itive feedforward control could act like the active filter that provides damping filter at input 

terminal. Because, the input impedance real part became positive when the frequency 

is high. 

3.6 Design of positive feedforward controller 

Before going through the discussion of designing positive feedforward controller, it is 

essential to make clear that the commonly used feedforward control for controlling power 

electronic converters is totally dissimilar with the controller that is proposed [27]. Usually 

feedforward control is applied for compensating the variation of input voltage. It also pro-

vides strict control of output voltage. Consequently, the feedforward controller gain 𝐺𝐶𝐹𝐹 

is negative and a negative real part exist for the input impedance, while the frequency is 

low. Therefore, it can be summarized that, the typical feedforward control is actually neg-

ative feedforward control [27]. However, the proposed feedforward control can be called 

as positive feedforward control. Because, it has a feedforward gain that is positive. Be-

sides, its purpose is to control the voltage at input port rather than to stabilize the voltage 

at output port. It also tends in providing input impedance that has real part of positive 

[27].  

The term minor loop gain, 𝑇𝑀𝐿𝐺  for the interconnection of source with feedback control 

and feedforward control is written as 

                              𝑇𝑀𝐿𝐺_𝑍𝑆 = 
𝑍𝑆

𝑍𝑖𝑛_𝐹𝐹𝐹𝐵
 

                          = 
𝑍𝑆

𝑍𝑖𝑛_𝑂𝐿
 

1

1+ 𝑇𝐹𝐵
 + 

𝑍𝑆

𝑍𝑁_𝑣𝑑_𝑂𝐿
 
𝑇𝐹𝐵

1+𝑇𝐹𝐵
 + 

𝑍𝑆𝑇𝐹𝐹

1+ 𝑇𝐹𝐵
              (3.17) 
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Here, 𝑍𝑆 is the source subsystem output impedance. The difference in between the ex-

pression of feedback control (3.3) and above equation is that, at (3.17) a third term ap-

peared which is dependent on loop gain of feedforward control [27]. However, some 

observations can be made through examining the expression (3.17) of minor loop gain. 

Because of feedback action, typically the second term degrades the stability of entire 

system. At low frequency (for |𝑇𝐹𝐵| >> 1), the minor loop gain could be expressed as  

                    𝑇𝑀𝐿𝐺_𝑍𝑆 = 
𝑍𝑆

𝑍𝑁_𝑣𝑑_𝑂𝐿
                            (3.18) 

This minor loop gain is as like the low frequency feedback control case. Likewise, the 

minor loop gain at high frequency (for |𝑇𝐹𝐵| << 1) could be expressed by  

                   𝑇𝑀𝐿𝐺_𝑍𝑆 = 
𝑍𝑆

𝑍𝑖𝑛_𝑂𝐿
 + 𝑍𝑆𝑇𝐹𝐹                  (3.19) 

                                ≈ 𝑍𝑆𝑇𝐹𝐹 

The third term of equation (3.17) should be properly designed for improving the stability 

of entire system. As a result, there exist higher gain as well as a positive real part at high-

level frequency in comparing with the term of feedback control system [27]. 

However, the positive feed-forward (PFF) control method shows a way to redesign the 

input impedance of the converter by adding a damping impedance, 𝑍𝑑𝑎𝑚𝑝. The damping 

impedance will be included in parallel along with the existing input impedance of the 

converter. The conceptual development is depicted in Fig. With the knowledge of bus 

impedance, the PFF controller can be designed for introducing an impedance( 𝑍𝑑𝑎𝑚𝑝 ) 

in such a way that PBSC will be satisfied. 
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Figure 3.13. A small-signal equivalent converter circuit model depicting addition of 
damping impedance 

 It is found from practical observation that the violation of passivity condition usually oc-

curs around the bus impedance of the systems resonant frequency. It is the frequency 

where output impedance of source subsystem is equivalent or higher than the input im-

pedance of load subsystem. As a result, there occurs unwanted interactions. Therefore, 

the impedance 𝑍𝑑𝑎𝑚𝑝 is introduced for imposing the condition in (3.20), so that the entire 

bus impedance will be passive. 

                                
1

𝑍𝑏𝑢𝑠_𝐹𝐹𝐹𝐵
  = 

1

𝑍𝑠
 + 

1

𝑍𝑖𝑛_𝐹𝐵
 +

1

𝑍𝑑𝑎𝑚𝑝
 

                                       = 

{
 
 

 
 

1

𝑍𝑆
                 𝑓𝑜𝑟 𝑙𝑜𝑤 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

1

𝑍𝑑𝑎𝑚𝑝
                     𝑓𝑜𝑟 𝜔 =  𝜔𝑟𝑒𝑠

1

𝑍𝑆
              𝑓𝑜𝑟 ℎ𝑖𝑔ℎ𝑒𝑟 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

                 (3.20) 

Here 𝑍𝑆 is source subsystem output impedance and 𝑍𝑖𝑛_𝐹𝐵 is load subsystem input im-

pedance which is under feedback control. 

Fig. depicts an extra source of controlled voltage at the output which is introduced 

through the control approach of PFF. 
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4. SYSTEMS IDENTIFICATION METHODS  

This chapter presents impedance computation techniques on the basis of binary se-

quence injection. By employing this process, simultaneous measurement of all the im-

pedance of the system is possible within single measurement cycle. Thus, the total bus 

impedance measurement time is reduced in compared with conventional measurement 

methods. Moreover, this method ensures that the dynamics of system remains same 

among the measurements. Consequently, the measured impedance of bus will not be 

distorted. 

4.1 Impedance measurement techniques 

The stability analysis methods discussed in previous chapter (chapter 2) depends on 

systems impedance. Therefore, it is important to know these impedance values for ap-

plying them in a system. As in real system, the impedance values change continuously 

over time and in relation to various parameters, offline analytical method is not suitable 

for studying stability. Hence, online impedance measuring technique is needed to moni-

tor real time stability margins of a system and apply stabilizing actions when required.  

Before focusing towards impedance measurement techniques, let us briefly describe the 

basic principle of determining transfer function for a dynamic scheme. An example of 

dynamic system that is under test to identify the input-to-output transfer function 𝐺𝑢𝑦(𝑆) 

is presented in Fig. 4.1. 

 

                     Figure 4.1. A dynamic system to identify the transfer function. 

In this dynamic system, a perturbation signal having a required frequency content is ap-

plied towards the input 𝑢(𝑡) of the system. Then, the response of the system 𝑦(𝑡) is 
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assessed. The signals time domain measurement 𝑢(𝑡) and 𝑦(𝑡) are then processed for 

calculating the frequency domain transfer function, 𝐺𝑢𝑦(𝑆) = 𝑦(𝑆)/𝑢(𝑆). Where, 𝑦(𝑆) and 

𝑢(𝑆) are transformed version of input and output signals in frequency domain. However, 

noise affect these signals that causes the waveform of frequency response not to follow 

real values. The noise disturbance can be reduced by the repetition of test sequence in 

several times and then averaging the outcomes. As noise do not match with the input or 

output signals, thus by averaging the outcomes the frequency response function could 

be obtained [21] .  

There are several techniques available for averaging, such as cross-correlation tech-

nique and logarithmic averaging process [21]. In cross-correlation method, the compu-

tation is occurred among perturbation and sensed outcomes after that Fourier transform 

is applied to obtain frequency response. However, there are certain limitation of this ap-

proach. First, noise free measured perturbation is required in this method. Second, this 

method reduces noise effect from output side only. Therefore, logarithmic averaging pro-

cess has been proposed that can effectively reduce noise from both sides and it can be 

expressed as 

                              𝐺𝑙𝑜𝑔(𝑆) =   (∏
𝑦𝑟𝑘(𝑆)

𝑢𝑒𝑘(𝑆)
𝑃
𝐾=1 )

1 𝑝⁄

               (4.1) 

Where 𝑃 depicts the excitation periods number.  

The online method to measure the impedance of a system by applying wideband excita-

tion signal is named online wideband system identification (WSI) technique. This online 

method for measuring the impedance of a system has the following characteristics. 

Firstly, it has the ability to measure system impedance in a short period. Besides, it uses 

existing power electronic converters and their sensors for the measurement of imped-

ance. As a result, there is no need to add other specialized equipment’s which costs 

extra size, weight and money [45] . 

Existing power converter in a DC system can be utilized to provide excitation signals. 

Online WSI algorithm can also be achieved in their digital controllers. This yield online 

impedance measurement related to the stability of system. Online monitoring provides 

information regarding the power electronic converter and neighbouring electrical sys-

tems in real time.  
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Figure 4.2. A block diagram demonstrating perturbation signal injection to measure 
impedance in online  

Fig 4.2. shows a conceptual block diagram where WSI technique is applied to measure 

impedance. In this figure, the switching converter acts as a source of perturbation and 

the embedded control platform acts as a signal analyser for measuring small signal trans-

fer function and impedance of interest [6]. The switching converter has a controller 

(closed loop) with an outer voltage control loop (VC) and inner current control loop (CC). 

In practice, a perturbation sequence is not only inserted into the duty cycle but also to 

the voltage and current reference signals of the switching converter controller [6]. The 

reason of this kind of choosing is related to the frequency response of switching con-

verter. If the small signal perturbation sequence is added only into the duty cycle, it can 

be detected as a disturbance. As a result, it will be abandoned within the outer control 

bandwidth for the effect of nested control loops, even though it is not abandoned beyond 

the outer control loop bandwidth [6]. On the contrary, if perturbation sequence is added 

to the controller voltage and current reference signal, it is not abandoned within the con-

trol bandwidth of voltage and current. Therefore, injection of perturbation sequence to-

wards the duty cycle as well as to voltage and current reference signal guarantees that 

perturbation signal is not abandoned by the controller over wide range of frequency [6]. 

Whenever the small signal perturbation sequence is inserted, current/voltage output are 

computed and processed to measure the impedance.[6]  
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4.2 Perturbations signals 

The narrowband or wideband signal can be used as excitation signal, as presented in 

Fig. 4.3. A sine wave is an example of a narrowband signal, that has power at a single 

frequency only [45]. On the other hand, a white noise is the perfect example of wideband 

signal, that has power on a wide range of frequency. A digital representation of white 

noise is the pseudo-random binary signal (PRBS), as depicted in Fig. 4.3, which has 

nearly flat signal content in frequency domain [45]. Besides, PRBS, impulse or random 

sequences are the most popular broadband excitation signal. Random pulse width mod-

ulation sequence can be applied as excitation signal to obtain grid impedance in a wide 

frequency range. 

4.2.1 Pseudo-random binary signal (PRBS) 

The pseudo-random binary signal (PRBS) is a wideband binary signal that has two dif-

ferent levels of signal in time domain. It can shift the signal level only after the interval ∆𝑡 

of each clock pulse. In frequency domain PRBS has energy at various frequencies that 

makes the measurement method based on PRBS too fast because data of several fre-

quencies can be collected at the same time. 

 

Figure 4.3. A wideband signal (PRBS) and a narrowband signal (sinusoidal) in both 
time and frequency domain 

The pseudo-random binary signal (PRBS) is mostly employed in a form of maximum 

length binary sequence (MLBS) that consists the following properties [46] : 
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1. The MLBS possesses two signal levels and it can alter state only at a certain time 

𝑡 = 0, ∆𝑡, 2∆𝑡, …..  [46]  

2. MLBS is a deterministic signal, so experiments are repeatable. [46]  

3. The period of the signal is 𝑇 = 𝑁∆𝑡, where 𝑁 is an odd integer. 

4. In one period there are (𝑁 + 1) 2⁄  intervals where the sequence is at one logical 

level and (𝑁 − 1) 2⁄  where it is at another logical level. [46]   

5. The length of the sequence is 𝑁 = 2𝑛 − 1, where 𝑛 is an integer.   

 

                Figure 4.4. MLBS signal generation using Shift register 

MLBS are frequently employed because their generation is easy by using shift register 

XOR (exclusive or) feedback [19]. A 4bit shift register is shown in Fig. 4.4. The prelimi-

nary state of shift register can be chosen without restrictions, but the entire stage cannot 

be selected to zero as the shift register can not change state then. The shift register 

sequence output is the bit in the last stage and with the XOR feedback the new input to 

the first stage is produced. Usually, the logical binary values 0 and 1 are mapped to +1 

and -1 [22]. This mapping generates symmetrical MLBS signal with close zero mean.              

Fig. 4.5, represents two periods of the similar MLBS as shown in Table format that pro-

duced at 10 Hz. As can be understood from MLBS sequence of Fig. 4.6 that after each 

length of the signal same row is repeated. Through the generation of M periods of MLBS, 

the SNR (signal to noise ratio) can be rise to 2√M times. Owing to these characteristics, 

the MLBS amplitude can be selected very smaller. Therefore, the MLBS is suitable for 

the measurement of sensitive systems where small amplitude perturbation is needed 

[22] . 
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MLBS have power at the frequency of 𝑓 =  𝑞 𝑇⁄ , here T is the signal period and q repre-

sent the spectral line sequence number [19]. The MLBS signal power spectrum is given 

by  

                               𝜙𝑀𝐿𝐵𝑆 (𝑞) = 
𝑎2(𝑁+1)

𝑁2
𝑠𝑖𝑛2(𝜋𝑞/𝑁)

(
𝜋𝑞

𝑁
)2

,    q = ±1, ±2, …               (4.2) 

where, N is the sequence length and a is the MLBS signal amplitude. The power spec-

trum of MLBS signal is shown in Fig. 4.7.  

 

                    Figure 4.5. Two periods of MLBS sequence 
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                     Figure 4.6. Two periods of MLBS signal (generated frequency 10 Hz) 

 

 

Figure 4.7. Power spectrum of MLBS signal (15-bit length with 𝒇𝒈𝒆𝒏 = 10 Hz) 
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For getting reliable result of this MLBS based measurement, the excitation signal needs 

to have almost similar amount of energy for all frequency component [22] . The meas-

urement bandwidth needs to be limited at the frequency of 0.45·𝑓𝑔𝑒𝑛. Besides, the am-

plitude of the excitation signal must be remained in lower for avoiding the systems non-

linear distortion [22] . However, measuring multiple times and then averaging the result 

is also a good way to reduce the effect of noise. 

4.2.2 Discrete-Interval Binary Sequence 

Discrete-interval binary sequence (DIBS) is one type of pseudorandom sequence, where 

the user can specify the power spectrum. The DIBS is also a computer optimized se-

quence. The purpose of computer optimization is to enforce highest possible power to-

wards the specific harmonic frequencies and the signal amplitude in time domain will 

remain same. Hence, the frequency resolution is decreased. Otherwise, the DIBS have 

similar attractive properties in compared with MLBS, such as both sequences are peri-

odic, their amplitude (time domain) is fixed and their crest factor is smaller [47]. Besides, 

the DIBS is effective for identification purpose where defining the harmonics is important 

to abstain from exciting a resonance. However, the DIBS can be applied towards a strong 

grid for measuring grid impedance. Based on specified harmonic frequency number, the 

DIBS energy can rise from four times to eight times when compared with conventional 

MLBS energy without increasing the amplitude in time domain [47]. 

However, Fig. 4.8 as well as Fig. 4.9 depicts the comparison in between typical MLBS 

and DIBS in time domain [47] . Both MLBS and DIBS contains similar amplitude in time 

domain. The MLBS has 1023 bits and DIBS has 1024 bits. Besides, their generation 

frequency (35 KHZ) is same as well as they have almost similar frequency resolution. 

For DIBS, the specified harmonic frequencies were 18 (more than 10KHz band), though 

only the harmonics that was specified have been shown for better illustration [47]. The 

figure also shows that, the DIBS specified harmonic energy is higher (4 to 6 times) in 

compared with the MLBS at that specific harmonics. Fig. 4.10 shows MLBS, multisine 

and DIBS signal in frequency domain. The multisine is the combination of several single 

sinusoids that has same frequencies and amplitude as like DIBS. It has much higher 

energy in compared with other signals at the specified frequency [47].  
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                                       Figure 4.8 MLBS in time domain  

 
                                      Figure 4.9 DIBSin time domain  
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             Figure 4.10 MLBS, DIBS and Multisine in frequency domain 

The design of DIBS starts with defining the sequence length 𝑁 as well as generation 

frequency 𝑓𝑔𝑛. These variables define the required time and frequency resolution for one 

excitation period injection [47]. The sequence length (N) needs to be selected in a way 

that it can avoid damage of signal. 

                                                       𝑁 = 2𝑛 ≥ 𝑓𝑔𝑛 𝑇𝑖    

Where the systems settling time is denoted by 𝑇𝑖. Thus, the length of one excitation signal 

should be larger than the length of systems settling period. The generation frequency 

needs to be bigger than measurable bandwidth, although it should be low enough for 

avoiding switching harmonics negative effects [12] . 

The next step of DIBS designing is to define specified harmonic frequency number. The 

selection is done either on having a former grid condition knowledge, or by measuring 

the system noise floor. The selected harmonics distribution also needs to be defined. 

Naturally, the harmonics are selected throughout the bandwidth that are measurable. If 

the controller performs actual injection, the controller bandwidth limits the measurable 

frequency response. However, the design of DIBS allows specification of harmonic fre-
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quencies arbitrarily. Hence the selection of harmonics is possible (such as: logarithmi-

cally). Therefore, the nonlinear adjustment of frequency resolution is possible to obtain 

accurate results [47] . 

Injection amplitude plays an important role in designing DIBS. The amplitude should be 

low enough for online measurement. Thus, the systems normal operation will not be 

disturbed too much [47] . Therefore, strong nonlinear distortion will not be created. But, 

for providing adequate signal to noise ratio, higher injection is essential. Unlike conven-

tional MLBS design, the design of DIBS allows to rise its SNR through the adjustment of 

harmonics number (time domain amplitude is kept fixed). The total injection energy in 

split up into some selected harmonics. Hence, through lowering the harmonics number 

the signal to noise ratio is possible to improve. It is not essential to preselect and making 

amplitude fixed [47]. However, the amplitude can be adjusted automatically based on 

measurement quality. The selection of amplitude is also possible by using a step named 

preexcitation and through the amplitude adjustment (also other parameters) that is based 

on the SNR and measured response. Another method can be starting of injection with a 

small amplitude [47]. The amplitude will be increased gradually, and it will continue until 

the deviation of output gets few predetermined SNR (depends on required accuracy). As 

the injection does not requires much time, so the implementation of preexcitation and its 

analysis is possible as part of identification in online [47]. 

It is also required to know about the way of system dynamics, for example harmonic 

distortions and filters, effect on the perturbation signal that has been injected once. Since 

the injection location varies from measurement point, the perturbation might not consist 

the characteristics any longer which was designed [47]. 

4.2.3 Inverse-repeat Binary Sequence (IRS) 

The inverse-repeat binary sequence (IRS) has proposed in this section instead of con-

ventional maximum length binary sequence (MLBS) excitation. The conventional binary 

sequence is not properly suitable for the process that suffers from deep nonlinear distor-

tion. The proposed excitation signal (IRS) can be applied similarly as like other conven-

tional sequence (for example: PRBS, DIBS) but it provides more perfect estimation of 

frequency response [48]. IRS is used to remove the even-order nonlinearities effect. It is 

also applied to measure frequency response by using spectrum method[48]. However, 

the IRS is produced by making double of MLBS and toggling the doubled sequence digits 

[29].  
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For a nonlinear system, the expression of output sequence 𝑦(𝑛) can be written as ex-

pansion of Volterra series [48, 49] . 

            𝑦(𝑛) = ∑ ℎ1(𝑘)𝑢(𝑢 − 𝑘)
𝑀
𝐾=0   

                      + ∑ ∑ ℎ2(𝑘1, 𝑘2)𝑢(𝑛 − 𝑘1)𝑢(𝑛 − 𝑘2)
𝑀
𝑘2=0

𝑀
𝑘1=0  + ····· 

                       + ∑ · · ·𝑀
𝑘1=0  ∑ ℎ𝑖(𝑘1,· · · ·,𝑘𝑖)𝑢(𝑛 − 𝑘1) · · · · 𝑢(𝑛 − 𝑘𝑖)

𝑀
𝑘𝑖=0 .                       (4.3) 

Here, the system input is represented by 𝑢(𝑘) and the length of total data sequence is 

expressed by the term 𝑀. Every discrete convolution has a kernel, linear (ℎ1) or nonlinear 

(ℎ2,.  ..  ,.ℎ𝑖), that signifies the system behaviour [48] .  

Through using correlation relationship [42]  to (4.3), the expression of cross correlation 

function 𝛷𝑢𝑦(𝑛) among input and output response is as follows [29] 

    𝛷𝑢𝑦(𝑛) =  ∑ ℎ1(𝑘)𝛷𝑢𝑢(𝑢 − 𝑘)
𝑀
𝐾=0   

                + ∑ ∑ ℎ2(𝑘1, 𝑘2)𝛷𝑢𝑢(𝑛 − 𝑘1)𝛷𝑢𝑢(𝑛 − 𝑘2)
𝑀
𝑘2=0

𝑀
𝑘1=0  + ····· 

                 + ∑ · · ·𝑀
𝑘1=0  ∑ ℎ𝑖(𝑘1,· · · ·,𝑘𝑖)𝛷𝑢𝑢(𝑛 − 𝑘1) · · · · 𝛷𝑢𝑢(𝑛 − 𝑘𝑖)

𝑀
𝑘𝑖=0 .              (4.4) 

Here, the expression 𝛷𝑢𝑢(𝑛 − 𝑘1) ····· 𝛷𝑢𝑢(𝑛 − 𝑘𝑖) is representing the input signal 𝑢(𝑛) 

autocorrelation function for 𝑖th order and may be written as [48]   

            𝛷𝑢𝑢(𝑛)𝑖 = ∑ 𝑢(𝑛)𝑢(𝑛 − 𝑘1)· · · 𝑢(𝑛 − 𝑘𝑖)
𝑀
𝐾1….𝐾𝑖                            (4.5) 

Because of IRS repeating and antisymmetric characteristics, the input 𝑢(𝑛) can be ex-

pressed as [48]   

                            𝑢(𝑛) = -𝑢(𝑛 + 𝑠 2⁄ )                                           (4.6) 

Where the doubled MLBS length is written as 𝑆. Owing to the (4.6), the entire even-order 

kernels has been removed from (4.4), that can be established by the consideration of 

second order autocorrelation function in equation (4.5) as 

              𝛷𝑢𝑢(𝑛)2 = ∑ 𝑢(𝑛) 𝑢(𝑛 − 𝑘1)𝑢(𝑛 − 𝑘2)
𝑆
𝐾1,2=0   

                            = ∑ 𝑢(𝑛) 𝑢(𝑛 − 𝑘1)𝑢(𝑛 − 𝑘2)
𝑆 2⁄
𝐾1,2=0  + 

                                  ∑ 𝑢(𝑛) 𝑢(𝑛 − 𝑘1)𝑢(𝑛 − 𝑘2)
𝑆
𝐾1,2=𝑆 2⁄ .                 (4.7) 
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As the IRS has antisymmetric property, the two components on RHS of (4.7) are opposite 

and identical. The verification of this can also be possible by using (higher even-order) 

autocorrelation functions [48] . Hence, the entire even-order kernels have been removed 

from (4.4), except the linear term and odd-order kernel involving terms has not been 

cancel out.  Therefore, the estimation of linear part of the system be able to be found in 

much accurate. Usually the higher-order kernels contribution at the outcomes are of in-

significant amplitude comparing with the lower-order kernels role [50, 51]. Hence, it is 

assumed that the second order kernel might be leading which causes nonlinear effect 

[48] .  

The IRS sequence is periodic having a period of 2𝑁𝛥𝑡, where the period length is de-

noted as 2𝑁 and the sequence clock cycle is denoted as 𝛥𝑡. If the length of sequence is 

long enough and the generation frequency is higher enough, then the autocorrelation 

and spectral properties of IRS are closer to the pure white noise consequent properties 

[48] .Therefore, IRS sequence is more suitable for the identification of a system. Besides, 

it has the capability of suppressing nonlinear phenomena effect. Thus, it is most suitable 

alternative to be used [48] . Fig. 4.11 as well as Fig. 4.12 indicates, the autocorrelation 

and power spectrum of IRS, respectively. The power goes down to zero at its harmonics 

and half of the generation frequency 1/2𝛥𝑡. The spectrum can be assumed as flat for 

certain (effective) frequency band [48] . 

 

 

                        Figure 4.11. Autocorrelation function of IRS 
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                                   Figure 4.12. Power spectrum shape of IRS  

It is important to be emphasized in the MLBS and IRS excitations is that the sequence 

energy is separated into several number of harmonic frequencies, as depicted in Fig. 

4.14 [48] . Under the re-quirement of higher signal to noise ratio (SNR), it might be difficult 

to obtain the FRF if the ex-citation amplitude can not be raised due to the sensitivities of 

system. Moreover, it is im-portant to point out that if a system has strong odd-order 

nonlinearities, significant improve-ments can not be made by IRS in FRF measurements 

when compared with MLBS results [48]. 

4.2.4 Orthogonal Binary Sequences 

Before going to describe about orthogonal binary sequence, consider a system that has 

multiple inputs and multiple outputs, as presented in Fig. 4.13. Assume the inputs and 

outputs of multi-converter system (in Fig. 4.13) are coupled. To obtain overall frequency 

response function of the system, there required numerous measurement cycles when 

applying a conventional measurement technique (single input single output method). 

Hence, the total measurement time will become larger owing to the increase of inputs 

and outputs. 

 

                   Figure 4.13 System with several inputs and outputs 
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An orthogonal binary sequence is efficient one to measure simultaneously the overall 

impedance of a multi-converter system. There are two ways to generate such sequence 

that are used commonly [52] . The first one is to apply shifted version of same signal for 

exciting numerous inputs as well as avoid their impacts by employing cross-correlation 

method [53] . Another way of generating sequence is to apply uncorrelated orthogonal 

sequence. Therefore, several inputs effects are decoupled [54]. The latter approach 

saves the total measurement period in contrasted with the initial technique. It also en-

sures that the operational condition of the system will remain same among the measure-

ments[52] . Hence the later technique will be discussed as presented in [54]. The sum-

mary of the method can be written as below: 

1) A PRBS sequence is produced by applying a circuitry of shift register along with 

feedback [55] . 

2) The next sequence is found through the formation of inverse repeat binary se-

quence (IRS) from PRBS, which is done by add up of modulo 2, the sequence 0 1 

0 1 0 1….to the initial sequence [55] . 

3) The third signal is found through adding up, modulo 2, the sequence 0 0 1 1 0 0 1 

1….to the PRBS signal [55] . 

4) The fourth signal is found via adding up, modulo 2, the 0 0 0 0 1 1 1 1 0 0 0 0 1 1 

1 1…. signal towards the PRBS signal, and so on [55]  
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                        Figure 4.14 Time domain orthogonal sequences 

However, the technique has one minor drawback that is, the length of the 𝑛th orthogonal 

sequence is twice in compared with previous ((𝑛 − 1)th) sequence [52] . Because of this 

feature the overall measurement time will become longer compared to single input single 

output (SISO) measurement technique. Although the measurement time is still smaller 

than several SISO measurements [52] . A major benefit of the method discussed here is 

that SNR can be increased. As every sequence is deterministic, therefore averaging 

technique can be used and SNR has improved such that the first sequence response is 

averaged over the period of 2𝑛−1. The second sequence response will be averaged over 

the period of 2𝑛−2 and so on [52] . 

Fig. 4.14 shows three samples of orthogonal binary sequence that was found from pro-

posed technique. The first signal is produced through a shift register of 6-bit-length. All 

the signal produced at the frequency of 10KHz. These three orthogonal sequence power 

spectra are shown in Fig. 4.15. These sequences contain nonzero energy at several 
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frequencies; it means when a sequence has energy at one specified frequency, the other 

two sequence does not have energy at that certain frequency [52] .  

 

                  Figure 4.15. Three orthogonal sequence energy content 
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     Figure 4.16. Example of measurement time applying orthogonal PRBS injections 

Fig. 4.16 demonstrates the required measurement time for multiple responses simulta-

neous measurements. Simultaneous application of three orthogonal injection is shown 

in this figure. It is assumed that the transient period of the system is equivalent to the 

first injection length (𝑁). Therefore, the overall measurement time required for all these 

three sequence frequency responses will be 5𝑁. Since the applied injections are periodic 

signal, therefore the start of data acquisition is possible from any point till full periods are 

obtained [52] . By applying 𝑁 length single injection (in sequence) to the three switching 

converters, the overall measurement period for obtaining the three responses will be 6𝑁 

(for transients the measurement time is 3𝑁, 3𝑁 for responses) [52] .  

 

4.2.5 Impulse perturbation signal 

A method is required to identify the impedance of grid at inverter terminals for assessing 

a system stability in online. System identification can be done through parametric [56] as 

well as non-parametric method[56] . Non-parametric system identification method is cat-

egorized into frequency response and impulse response method[57]. However, fre-

quency response method is not practical for system identification in real time, because 

of the ac grids non-stationary nature and larger test time to identify sequentially every 

relevant point of frequency response curve[58]. On the other hand, impulse response 

method offers grid impedance estimation over wide frequency range and within smaller 
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fundamental cycles. Therefore, this method is insensitive to non-stationary nature[59] . 

Online implementation of impulse response analysing method for the purpose of imped-

ance identification (grids) has been discussed here.[60]  

The impulse injection applied here assumes that the system is stationary among the 

successive fundamental cycles [61]. The background harmonics effects are removed 

through the subtraction of unperturbed system path from the system impulse response. 

This procedure is used to every phase current and phase voltage. The description of this 

as follows [60] : 

                                 𝛥𝑥(𝑡) = 𝑥𝑝(𝑡) − 𝑥(𝑡)                              (4.8) 

Where, 𝑥𝑝(𝑡) represents the current or voltage signal time-domain response at the time 

of fundamental cycle that has been perturbed with impulse signal, and 𝑥(𝑡) resembles 

the fundamental cycle after perturbed cycle. However, the components of frequency do-

main in impulse response data is taken by using DFT analysis. The expression of DFT 

definition is as follows [62] : 

                         𝐺(𝑘) = ∑ 𝑔(𝑛)2𝑁−1
𝑛=0  𝑒−𝑗2𝜋𝑛𝑘 (2𝑁)⁄          0 ≤ k ≤ 2N-1            (4.9) 

Where input sequence of 2N length is represented by 𝑔(𝑛) and its DFT is 𝐺(𝐾). The grid 

voltage DFT analysis regarding a test signal of impulse current can use DFT algorithms 

[63]. The computing method for a real-valued sequence DFT is to apply a complex-val-

ued sequence it followed by the application of a calculation method of half-length DFT. 

Alternative way is, in place of gathering 𝑔(𝑛) before the computation of full-length DFT, 

The DFT computing can be done immediately when 𝑔(𝑛) is available. The later method 

consists sliding DFT, which might be simpler in computation in compared with the algo-

rithm of full-length [64]. Besides this sliding DFT is beneficial for the narrowband signal’s 

analysis in frequency domain where all the 𝐺(𝐾) elements are not carrying useful infor-

mation. Because the 𝐺(𝐾) sequential calculation might be stopped for any given value 

of 𝑘. A major shortcoming of sliding DFT is the sampled grid impedance computation 

implies that this identification needs to be finished before new sample comes. As a result 

it might overflow the control process of inverter.[60]  

The perturbation pulse time location along with sinusoidal trajectory fixes the highest 

impulse amplitude (cycle-to-cycle). This can be attained without limiting the converter 

ratings. A maximum pulse amplitude of 2 p.u. on cycle-to-cycle basis can be achieved 

by the pulse location at peak of current sinusoidal trajectory (Fig. 4.15). Maximizing the 

pulse amplitude on a basis of cycle-to-cycle is advantageous for the analysis of impulse 
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response. Because it improves the SNR. The amplitude minimization is beneficial for 

reducing the stress when a system will be subjected to impulse signal. The amplitude 

minimization is also advantageous for reducing the excitation[60] . 

 

Figure 4.17. Impulse perturbation signal analysis: a) non-perturbed and perturbed 
cycles; b) cycle-to-cycle based differential signal; c) idealization of test signal. 

The pulse width must be smaller than the time-constant of fastest system to avoid the 

convolution smearing problems [57]. On the basis of impulse response idealized approx-

imation as shown in Fig. 4.17 (c), the signal can be written as: 

                      𝑓(𝑡)  = {
−𝑏𝑡                       0 < 𝑡 < 𝑡1
𝑏𝑡 − 2𝑏𝑡1                 𝑡1 < 𝑡 < 2𝑡1
0                             2𝑡1 < 𝑡 < 𝑇

                     (4.10) 
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Where the impulse slope is 𝑏, the impulse half width is 𝑡1 and the pulse period is 𝑇. 

Besides, by decomposing impulse shape towards Fourier series, the expression found 

is: 

                            𝑓(𝑡)  = ∑ 𝑐𝑛𝑒
𝑗2𝜋𝑛𝑡 𝑇⁄∞

𝑛= −∞                                  (4.11) 

However, the expression of magnitude spectrum is written as: 

                          𝑐𝑛 = 
𝑏𝑇

(2𝜋𝑁)2
 [2 − 2𝑐𝑜𝑠(

2𝜋𝑛

𝑇
𝑡1)]                              (4.12) 

Hence it is necessary to increase the impulse slope while there is possibility to avoid the 

exceeding rating of converter.  

4.2.6 Multisine signal 

After considering some of the drawbacks of prior perturbation signal, there had provoked 

to turn on other multifrequency testing methods in late 1960's. At that time, the multi-

frequency signals (ideal) was periodic binary signal, because they were generated easily 

and had excellent autocorrelation properties. However, in recent times the multisine sig-

nal (nonbinary) generation is practical as huge improvements occurs in the cost and 

speed of computer memory [65] . 

Multisines are harmonically ensemble related cosines: 

                                  𝑢(𝑡)  =   ∑ 𝐴𝑖cos (2𝜋𝑓𝑖𝑡 + 𝛷𝑖)
𝑠
𝑖=1                       (4.13) 

However, such type of signals spectrum is totally arbitrary, that affords more flexibility in 

designing test signals [65]. Particularly this is convenient at the time of testing systems 

along with small nonlinearity. A signal having odd harmonics will provide whole immunity 

to the nonlinearities of even-power. A further modification is to add those harmonics only 

which are fundamental prime multiples. Such type of prime signal is being shown for 

suffering less distortion than MLBS [66] : 

                               𝑢(𝑡)  =   ∑ 𝐴𝑖cos (2𝜋𝑓𝑖𝑡 + 𝛷𝑖)
𝑠

𝑖≠1
𝑖 ≠2

𝑖=3,5,7….𝑝𝑟𝑖𝑚𝑒

           (4.14)  

Where, 𝛷𝑖 depicts the relative phase. If relative phases are null, then multisine will con-

tain sharp peaks, limiting the power that can be inserted for a amplitude in time-domain 

[65]. A multisine power measure in relation to its amplitude (peak to peak) is expressed 

by peak factor: 
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                                       𝑃𝑓 = 
𝑢(𝑡)𝑚𝑎𝑥− 𝑢(𝑡)𝑚𝑖𝑛

2√2 𝑢(𝑡)𝑟𝑚𝑠
                                  (4.15) 

Besides, peak factor has close relation with crest factor, that is defined as: 

                                   𝐶𝑓 = 
max(|𝑢(𝑡)𝑚𝑖𝑛|,|𝑢(𝑡)𝑚𝑎𝑥|)

𝑢(𝑡)𝑟𝑚𝑠
                             (4.16) 

The crest factor has the value 1.4 for single sine. A multisine signal crest factor is mini-

mized through adjusting its harmonics relative phases. This problem is being defines by 

many researchers, but no solution has been found yet. Though some approaches have 

improved the values significantly. Schroeder has proposed the most empirical technique 

[67]. He has addressed a formula, for which flat amplitude reduces to 

                             𝛷𝑖 = 
𝜋𝐾2

𝐹
 ,         𝐾 = 1,2,3,….                               (4.17) 

Where 𝛷𝑖 depicts the signals 𝑖th harmonic phase, 𝑘 is the component number and 𝐹 

represents the entire spectral component number. The values of 𝑘 and 𝑖 might differ if 

few harmonics are removed from multisine signal [65, 68]. 

However, Van den Bos has proposed a method of iteration that attempts to design a 

multisine signal almost similar to the binary sequence by altering the signals phase an-

gle. The reason behind this observation is that binary sequence has good Crest factor 

[69]. Van der Ouderaa also proposed similar type of approach where multisine signals 

are clipped at every iteration in a certain proportion of its earlier peak amplitude [70]. In 

recent times, Guillaume has proposed a technique which comes from the observation 

that the expression of Crest factor can be  

                                𝐶𝑓 = 
𝑙∞(𝑢)

𝑙2(𝑢)
                                                  (4.18) 

Where, 𝑙∞(𝑢) depicts 𝑢(𝑡) Chebyshev norm and 𝑙2(𝑢) norm is the rms value of 𝑢(𝑡). 

Since 𝑙2 is not dependent of 𝛷𝑖 , the problem decreases to the 𝑙∞ norm minimization. 

Initially the norm is decreased with 𝑝 (small value), which is repeatedly incremented then, 

the prior minimization phases are being used for every new step starting values [71]. 

This method generates smaller crest factors in compared with other methods. Besides, 

this technique is faster than clipping techniques [68]. 

A two-step technique can be employed for designing the excitation signals . 

1) Conduct a preliminary test along with a Schroeder phase wide band multisine. 



68 
 

2) Settle the bandwidth of the system after estimating FRF and apply these infor-

mation for designing a test signal appropriately. 

When comparing the performance of a test signal on a noisy system, it is common to set 

the signals highest time-domain amplitudes identical. This can make confusion while 

testing the system with few degrees of nonlinearities. 

However, the minimization of multisine peak factor depicts great benefit in estimating the 

quality of both FRF and DTF models. To estimate the DTF along with an estimator using 

the quadratic norm, MLBS was the best. Multisine signals depict better immunity to the 

saturation effects than the binary sequences [68] . The prime multisine signal produce 

much less scatter on FRF estimation when compared with the binary sequence such as, 

MLBS. Therefore, it can be concluded that MLBS is the best sequence for parametric 

estimation, though this is true only for a strictly linear process which is a rare case. A 

lower peak factor multisine is thus recommended for a DTF estimation. To estimate the 

FRF, a prime multisine of lower peak factor should be utilized with fundamental adjust-

ment to achieve necessary spectral resolution [68].   

4.3 Practical consideration and limitations 

Comparing in between wideband excitations and single sine sweeps, there are some 

limitations in wideband excitation, which is necessary to consider. First of all, the possible 

non linearities needs to be considered. Injecting a signal for a system at certain fre-

quency can make harmonics on another frequencies, e.g., because of saturation nonlin-

earities [6] . This nonlinearities issue is not happened with single sine sweeps. However, 

distortion might create by the nonlinearities, due to the application of wideband excitation 

signals and computation of the frequency response at several frequencies.[6]   

Selection of suitable injection amplitude is the major challenge for using PRBS signal. 

The amplitude needs to be high enough in compared with noise but small enough to 

abstain from nonlinear dynamic effect. Usually a perturbation in 5 - 10% range is found 

suitable for the application of switching power converter [6] . However, it needs to em-

phasize that there are some other pseudo random signals available with efficient char-

acteristics. For example, the inverse-repeat binary sequence (IRS) is suitable for injec-

tion purposes. It can be applied for the system that has strong nonlinearities. The IRS 

yields much more perfect estimation of underlying linear dynamics by suppressing the 

nonlinearities of even-order [6] . Another effective signal type is discrete-interval binary 

sequence (DIBS). This signal (DIBS) has higher energy at certain frequency harmonics 
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though its amplitude in time-domain remains constant. The DIBS signal is effective for 

the cases that needs high energy to inject but the sequence amplitude cannot be raised 

owing to the shortcomings [6]. However, the significant advantages and drawbacks of 

major test signals has been listed in Fig. 4.18 and Fig.4.19. 

 

               Figure 4.18. Advantages and Drawbacks of Test sequence 
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                       Figure 4.19. Pros and cons of test signals 
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5. CONCLUSIONS 

The motivation of this thesis work comes from the recent power electronics devices pen-

etration on several different application. Specially the application of dc-dc switching con-

verter has increased a lot. This introduce numerous advantages in case of system inter-

face flexibility, reliability, power quality and efficiency. Multi-converter power electronic 

system could be new specialised area for research in recent time or future. This area 

needs to be focused more because lots of application are now using multi-converter 

system and benefited from this. However, multi-converter system faces the stability deg-

radation problem when interaction among switching converters become significant owing 

to CPLs. This problem is not trivial for a big system where large amount of switching 

converters are interconnected. This thesis work discusses several stability analysis 

methods and stability improvement technique for the unstable phenomena of multi-con-

verter system. 

In chapter 2, several small-signal and large-signal stability analysis methods has been 

discussed. Especially, small-signal stability analysis methods have been focused more. 

Usually, small-signal stability analysis of multi-converter dc system is assessed on the 

basis of minor loop gain. Minor loop gain is formed in between the impedance of source 

output and load input. Then the outcomes are given as a forbidden region from where 

the minor loop gain needs to stay outside. Thus, it will provide certain gain and phase 

margin for system stability. In this work, minor loop gain is used to describe system sta-

bility by utilizing the Nyquist stability criterion. Nyquist criterion and its several extensions 

such as Middlebrook criterion, Gain and Phase margin criterion has been described in 

this thesis. Besides, a new criterion named the passivity-based stability criterion (PBSC) 

which is based on the bus impedance passivity is proposed in chapter 2. The total system 

is stable if the bus impedance is passive. The advantages of PBSC over other stability 

criterion has been discussed. It was realized that the PBSC (in raw form) provides only 

sufficient stability condition, like other minor loop-based stability criteria. Therefore, prac-

tical PBSC has been proposed by linking passivity concept towards Nyquist criterion. 

Moreover, the significant difference among the described stability criteria has also been 

mentioned. 

In chapter 3, several active and passive approaches have been described for solving 

this interaction problem in a multi-converter dc system. Additionally, the advantages and 

drawbacks of these approaches has been mentioned. After that, an active approach 
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named Positive feed-forward (PFF) control has been proposed to improve the system 

stability. By utilizing PFF control, the design of virtual damping impedance is possible so 

that practical PBSC can be satisfied. Since the PFF is active method, problems of pas-

sive methods, for example increased weight, cost, high inrush currents and power dissi-

pation are solved. Besides, the PFF controller is much simpler to implement. 

In chapter 4, a broad discussion regarding impedance measurement technique has been 

mentioned. Impedance can be measured in online or offline. Offline approach is not pre-

ferred as impedance values change continuously. Therefore, online technique is suitable 

to monitor real time stability margins of a system. Online WSI technique to measure the 

bus impedance has been discussed also in this chapter. After that, different perturbation 

sequence has been discussed that can be used for the measurement of bus impedance 

of a multi-converter system, as bus impedance is the most essential parameter for sta-

bility. The characteristics of these perturbation signals and their design techniques has 

been mentioned as well. Later, practical consideration and limitation of perturbation sig-

nals has been mentioned. Finally, the advantages and drawbacks of these sequences 

has been discussed. 

However, in order to design stabilizing controller properly, the prior knowledge of bus 

impedance is important. Online bus impedance monitoring enables this in an intelligent 

way, as the changes of a system occurs owing to numerous power demand. The infor-

mation gathered from online monitoring can be used to communicate in between con-

verters. A supervisory control structure can utilize this measured data for making a co-

ordination among the interconnected converters. So that overall stability will be ensured, 

and this could be a topic for future research. 

Moreover, grid impedance measurement in case of unbalanced load condition and exci-

tation sequence amplitude reduction could be the prospective future research topic. 
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