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ABSTRACT 
The article preliminarily studies the structure of flexible interconnection system of MV distribution 
network, and understands the application scenario and equipment composition of the flexible system. 
For the purpose of reducing SOP loss, transformer loss and line loss, the operation of the MV flexible 
interconnected distribution network is optimized, the operation optimization model of the flexible 
interconnected distribution network is constructed, and the fault enumeration method is adopted as 
the reliability assessment method of the flexible interconnected system. Through experimental 
simulation, the stability, reliability and dynamic characteristics of the MV flexible interconnection 
system are explored respectively, and the system protection control strategy is proposed. For the same 
constant power load step, the larger the voltage loop proportional parameter is, the more stable the 
system tends to be, and the larger the voltage loop integral parameter and the station circuit parameter 
are, the more unstable the system tends to be. The maximum mutation value of the system constant 
power load gradually decreases when the station load power gradually increases. The reliability of the 
MV flexible interconnection system increases with the increase of SOP capacity. In the medium voltage 
flexible distribution interconnection system. The system damping, oscillation frequency and 
overshoot are significantly reduced and the peak time is increased when the DC voltage sag factor is 
increased. 
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1. Introduction 

Most distribution networks adopt “closed-loop design and open-loop operation”, using contact 
switches to form hand-in-hand or mesh distribution networks in each sub-district to realize sectional 
control and post-accident load transfer. However, there are problems associated with this model. First, 
due to the rapid growth and unbalanced development of loads, the medium voltage distribution 
network in the load center city has the problems of tense distribution corridors, high feeder loading 
rate and unbalanced distribution [1-2]. Second, when distribution network faults occur, load transfer 
is usually carried out by closing contact switches, which, once improperly operated, may lead to power 
supply interruptions and ring-closing shocks, and expand the scope of faults [3-4]. Thirdly, the access 
of new sensitive DC loads puts higher requirements on power supply reliability, while the open-loop 
operation method can lead to short-term outages in non-faulted areas, limiting the improvement of 
power supply reliability [5-7]. Meanwhile, the promotion of the application of renewable energy and 
energy storage at the policy level makes the MV distribution system face problems such as trend 
reversal and complex operation mode, and the ability of open-loop operation and trend regulation is 
further limited [8-10]. 

In order to better adapt to wind power, photovoltaic power generation and other distributed power 
sources, as well as energy storage devices, electric vehicles and other broad load access to a large 
number of medium-voltage interconnection distribution system as the core of the flexible 
interconnection device has been widely concerned by academics and the engineering community. The 
basic concept is to rely on back-to-back voltage source converters to realize the interconnection of 
distribution network feeders, thus realizing the closed-loop operation of the distribution network and 
optimizing the distribution of currents, and improving the flexibility of grid control and reliability of 
power supply [11-14]. By controlling the current in the DC link, power equalization between different 
AC divisions can be accomplished without considering the frequency synchronization problem [15-
16]. Compared with distribution network sectionalized and contact switches, FID technology is easier 
to realize fault isolation, which greatly improves the flexibility and safety of distribution network 
control [17-18]. When FID technology is used for MV feeder interconnection, asynchronous loop 
operation between multiple AC distribution feeders can be accomplished without increasing the short-
circuit capacity, which can play the roles of trend transfer, load ratio balancing, network loss reduction, 
fault isolation, and power supply restoration, etc., and realize the multi-terminal loop operation 
between feeders and the optimal allocation of adjustable resources [19-22]. 

In this paper, based on the application scenarios and constituent equipment of the flexible 
interconnection system of the MV distribution network, the traditional MV flexible interconnection 
system is optimized in order to reduce the SOP losses, transformer losses, and line losses. Reliability 
assessment of the flexible interconnected distribution network is carried out by fault enumeration 
method. Simulation experiments are utilized to study the effects of control parameters, station load 
power allocation and circuit parameters on system stability, the effects of SOP capacity on system 
reliability, and to explore the dynamic characteristics of the flexible interconnection system of MV 
distribution grids using DC voltage as an example. Finally, the control and protection strategies in the 
flexible interconnection system of MV distribution grid are studied in depth, and the system control 
scheme and protection configuration are designed. 

2. Medium-voltage distribution network flexible interconnection system 

2.1. Structure of the flexible interconnection system for MV distribution grids 

2.1.1. Application scenarios. Flexible interconnection equipment is a kind of equipment based on 
modern power electronic technology, installed in the distribution network, used to connect two or 
more distribution feeders, through active/reactive power control at the feeder level, regulating and 
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optimizing the distribution of the current at the system level, and then integrating all kinds of 
dispatchable source and load resources in the distribution system, and ultimately realizing the 
enhancement of the overall operation level of the system [23]. The difference between ϐlexible 
interconnection equipment and ϐlexible AC transmission systems (FACTS) such as controllable series 
compensation devices (TCSC), static synchronous series compensators (SSSC) and uniϐied current 
controllers (UPFC) lies in the fact that ϐlexible interconnection equipment is required to have the 
ability of trend regulation and fault isolation at the same time. Flexible interconnection equipment, as 
an important support for the ϐlexible characteristics of distribution networks, is narrowly deϐined as 
multiport power electronic equipment that realizes ϐlexible interconnection of multiple AC feeders, 
represented by back-to-back voltage source converters, while broadly deϐined ϐlexible interconnection 
equipment is rich in various forms, including power electronic transformers, energy routers, soft-
contact switches, and intelligent power/information switching base stations. 

There are usually two application scenarios for flexible interconnection in MV distribution networks 
as shown in Figure 1. Scenario 1: Connecting multiple feeders from the same substation. According to 
the siting and capacity planning, the flexible interconnection equipment can be installed at the end of 
the feeder or other preferred locations to regulate the currents between different feeders of the same 
substation and optimize the current distribution. Scenario 2: Connecting multiple feeders from 
different substations to achieve combined loop operation of distribution networks with different 
voltage levels and phases for wider trend optimization. In Scenario 1 and Scenario 2, while connecting 
two or more AC feeders, the flexible interconnection equipment can provide DC interfaces for DC 
distribution lines as well as DC equipment such as new energy power generation, energy storage and 
charging piles, forming a hybrid AC-DC flexible interconnection under reasonable system design. 

Substation 1 Substation 2

Substation 3

Feeder 11 Feeder 12 Feeder 13 Feeder 14 Feeder 21

Feeder 31
Scenario 1

 

Fig. 1. Form of ϐlexible interconnection of medium-voltage distribution network 

2.1.2. Composition of equipment. From a functional point of view, the ϐlexible interconnection 
equipment is an important node for energy redistribution in the distribution network, which needs to 
have both power and information monitoring and processing functions. Therefore, the ϐlexible 
interconnection equipment usually consists of two parts: the cooperative controller and the power 
converter, and the basic composition of the ϐlexible interconnection equipment is shown in Figure 2. 

The main function of the cooperative controller is to centrally manage and optimize the energy of 
the AC feeder and DC equipment connected to the flexible interconnection equipment according to the 
operation commands of the upper control system such as the distribution automation system, 
combined with the collected operation data of the AC feeder and DC line/equipment [24-25]. The time 
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scale of the co-controller is in the order of seconds, and the main control strategies include 
power/energy allocation to individual ports, feeder voltage regulation, and multi-operation mode 
switching. 

The power converter realizes the power conversion according to the commands of the co-controller 
to achieve the set target of power/energy allocation. The power converter usually consists of a current 
converter module, a control module, an AC interface and a DC interface module. Among them, the 
converter module mainly includes AC/DC converter, DC/DC converter and other power conversion 
circuits. The control module mainly refers to the control of power conversion circuits, usually in the 
form of embedded controllers, including sampling and rectification, digital arithmetic, modulation 
output and other links. The control module designs closed-loop control based on the received 
reference voltage or power command, relying on the gathered in situ information. The control module 
is required to achieve power balance between multiple ports, which is the basis for safe and stable 
operation of flexible interconnected devices. The time scale of the control module is within a hundred 
milliseconds, and the main control strategies include DC bus voltage control, flexible interconnection 
power control and AC feeder voltage control, and multiple operation mode switching. 

Dc line 
equipment 1

Dc line 
equipment n

…
Ac feeder 1

Ac feeder 1

…
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odule
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Fig. 2. Basic composition of ϐlexible interconnection device 

2.2. Flexible Interconnection Distribution Grid Operation Optimization Model 

In this paper, the operation optimization is aimed at reducing the comprehensive loss of the system, 
and the loss of the flexible interconnection system consists of three parts: SOP loss, transformer loss, 
and line loss. Therefore, the objective function is set up as: 

 1 2 3min min( )F F F F    (1) 

where, F   is the integrated system loss, 1F   is the SOP power transmission loss, 2F   is the 
transformer loss, and 3F  is the network line loss. 

1) SOP loss calculation. SOP loss of each port is independent of each other, its loss is mainly related to 
the port transmission power and its transmission efϐiciency, the formula is: 
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 1
1,2,3

(1 )sn sn
n

F S


   (2) 

where sS n  is the transmitted power of SOP port n  and sn  is the power transfer efϐiciency of port 
n . 

The three-port SOP needs to satisfy the active power conservation constraint. If the SOP power 
transmission direction is taken as the positive direction, we have: 

  s1  s2  s3 0P P P    (3) 

In addition, the SOP needs to consider the port capacity constraint, i.e., the transmission power snS  
of the SOP port should be less than its own capacity sopS , there: 

 sn sopS S  (4) 

2) Transformer loss calculation. In this paper, the two transformer losses can be expressed as: 

 2 ,
1,2

bm loss
m

F P


   (5) 

where, ,bm lossP  is the loss of transformer mT . 
Based on the transformer loss characterization, the best economic operation interval operation 

constraint is established, i.e.: 

 0.16 0.75m   (6) 

where m  is the load factor of transformer mT . 
In addition, the transformer also needs to satisfy the capacity constraints with: 

 2 2
bm bm bm rmS P Q S    (7) 

where bmS  is the actual apparent power transmitted by transformer mT  and rmS  is the capacity of 
transformer mT . 

3) Network line loss calculation. The network line loss is modeled based on the branch current model, 
and the network line loss calculation formula is: 

 2
3 ij ijF I r  (8) 

where ijI  is the ij -branch current. 
The operation constraints contain network operation safety constraints and network current 

constraints. The network operation safety constraint can be expressed as: 

 
,min ,max bus

,min ,max bus

,max brand

| |
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  



 
 


  
 

 (9) 

where iV   is the node voltage, ,maxiV   and ,miniV   are its upper and lower limits, respectively, ,maxis  
and ,minis  are the upper and lower limits of the node power is , respectively; and ,maxijI  is the upper 
limit of the branch current ijI  mode value. 

The network current constraint is a non-convex constraint, which is relaxed in two steps in this 
paper to improve the solution rate. Order 2 2| | , | |ij ij i iI I V V   , the final network current constraint can 

be expressed as follows: 
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 (10) 

2.3. Independent Reliability Assessment Methodology for Flexible Interconnections 

The fault enumeration method is used to assess the reliability of flexible interconnected distribution 
networks. Firstly, the fault scenarios of the distribution network are enumerated, then the influence 
range of the faults is analyzed, and finally, all the fault scenarios are integrated to obtain the reliability 
indexes of individual customer load nodes and the overall power supply of the distribution network. 

In the case of a flexible interconnected distribution network, the SOP equipment inside the network 
can restore the power supply to the loads that were disconnected at the initial moment of the fault by 
means of fault reconfiguration in the event of a fault in a component of the distribution network. The 
loads affected by the fault can be categorized into short-term interrupted loads (corresponding to the 
operating time required for the actuators of the flexible interconnected distribution network to 
operate in order to realize the fault reconϐiguration rt  ) and long-term interrupted loads 
(corresponding to the restoration time of the faulted components ft ). 

In order to fully utilize the fault load transfer capability of the SOP to minimize the long-time power 
supply interruption load, when the SOP participates in the fault reconfiguration of the distribution 
network, it adopts the operation mode of maximum reactive power output in order to raise the voltage 
magnitude of the end of the feeder as much as possible, so as to maximize the scope of the fault load 
transfer.The calculation of the reactive output of the SOP is shown in Eq. (11), and its reactive output 
is taken as a known condition to carry out the post-fault distribution network trend Calculation: 

 2 2
, ,( )SOP SOP L pre L posQ S P P    (11) 

where sopQ  is the reactive power output from the SOP to the feeder where load transfer is performed, 
sopS   is the rated capacity of the SOP, ,L preP   is the amount of lost load of the distribution network 

before fault reconϐiguration. That is, the sum of short-time and long-time power supply interruption 
loads, ,L posP  is the loss of load of the distribution network after the fault reconϐiguration, i.e., the long-
time power supply interruption load, and , ,L pre L posP P   corresponds to the size of the active load 
transferred. 

3. Characterization simulation analysis 

3.1. Stability analysis 

In order to verify the stability of the flexible interconnection system of MV distribution grid in this 
paper, hardware-in-the-loop experiments are conducted using RTLAB and TMS320f28377d 
microprocessor. 

3.1.1. Effect of control parameters on stability. Only the effect of sudden change of constant power 
load on the system is considered, i.e., the system satisϐies the necessary conditions such as small signal 
stabilization and power balance. Consider the constant power load from 50kW to 150kW. 4 different 
sets of voltage loop PI parameters are selected, and the experimental results under different control 
parameters are shown in Fig. 3, from top to bottom are serial numbers 1 to 4, where dcv  is the DC bus 
voltage. Under the control parameters of No. 1 and No. 4, when the constant power load is changed 
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from 50kW to 150kW, the DC bus voltage starts to oscillate, and the system is destabilized and cannot 
reach the equilibrium point. The system is able to cope with the sudden change in the constant power 
load under the parameters of serial number 2 and serial number 3. For the same constant power load 
step, the larger the voltage loop proportional parameter pvk  is, the system tends to stabilize, and the 
larger the voltage loop integral parameter ivk  is, the system tends to destabilize, and the application 
of this criterion can guide the direction of system control parameter modiϐication. 

 

Fig. 3. Experimental results under different control parameters 

3.1.2. Effect of circuit parameters on stability. Hardware-in-the-loop experimental veriϐication of the 
circuit parameters is carried out, four sets of circuit parameters are selected, and the constant power 
load on the DC bus is stepped from 50kW to 150kW, and the experimental results are shown in Fig. 4. 
The results show that the larger the station circuit parameters are, the more unstable the system tends 
to be when sequence numbers 1, 2 and 3 face the same constant power load mutation. However, the 
DC bus voltage tends to stabilize after a period of oscillation under the parameter of serial number 4. 
Continuing to increase the table area circuit parameter fR  so that fR =0.5Ω and other parameters 
remain unchanged, the system destabilizes when the constant power load is suddenly changed. 
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Fig. 4. Experimental results under different circuit parameters 

3.1.3. Impact of station load power distribution on stability. When the system faces a perturbation 
in the lower left region, it can be determined that the system can deϐinitely be stabilized to a new 
equilibrium point, and when facing a perturbation in the upper right region, the system is not 
necessarily destabilized. Hardware-in-the-loop experiments are carried out on the load power of the 
station for 2 operating conditions and stability prediction. The experimental results under different 
AC loads are shown in Fig. 5. The results show that as the station load power increases, the maximum 
mutation value of constant power load that the system can withstand gradually decreases, and when 
the station load power is 100kW, the constant power load on the DC bus mutates to 150kW, and the 
DC bus voltage oscillates and gradually destabilizes, and the experimental results are consistent with 
the predicted results of the stability criterion. 
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Fig. 5. Experimental results under different AC loads 

3.2. Reliability analysis 

3.2.1. Analysis of SOP's Rapid Supply Transfer Strategy. The reliability assessment results of FIDN 
(Flexible Interconnected Distribution Network) under different fast transfer strategies (S1, S2, S2') of 
SOP are shown in Table 1 (Reliability metrics are selected as system average outage frequency ISAIFI, 
system average outage duration ISAIDI, system average power supply reliability IASAI, and system 
shortage of power supply IEENS). 

From the table, it can be seen that the FIDN system reliability metrics under strategies S2 and S2' 
are better than those of strategy S1, which is due to the fact that strategies S2 and S2' take into account 
the SOP short-term overload capability, while strategy S1 performs fast transfer of supply only when 
the SOP capacity is larger than the transfer resupply load. In addition, compared to strategy S2, the 
system reliability index under strategy S2' is further improved because strategy S2' performs fast 
transfer under any fault scenario and determines the restoration of the transfer load based on the SOP 
maximum overload operation time and the SOP overload elimination time. 

Table 1. System reliability indices under different transfer strategies for SOP 

System reliability index S1 S2 S2' 

ISAIFI (time/a) 2.103 2.103 2.103 

ISAIDI (h/a) 2.442 2.428 2.422 

IASAI ( %) 99.988 99.988 99.988 

IEENS (MWh/a) 26.845 26.672 26.523 

 
The SOP fast transfer of supply under the three strategies is shown in Fig. 6 (where a vertical 

coordinate of 1 indicates that the SOP fast transfer of supply after fault isolation, and vice versa is 0). 
Fig. 6 further shows that the number of SOP fast turn-ons under strategies S1, S2, and S2' increases 
sequentially due to the consideration of SOP short-time overload capability. For the convenience of 
analysis and to fully utilize the enhancement of SOPs on FIDN reliability, strategy S2' is adopted in all 
the following scenarios. 
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Fig. 6. SOP fast transfer situation under three strategies 

3.2.2. Impact Analysis of SOP Capacity on FIDN Reliability. The SOP capacity is set to 60%, 80%, 
100%, 120%, 140%, 160%, 180%, and 200% of the original (4 MVA) to analyze the impact of the 
change of SOP capacity on the reliability of FIDN. The variation of FIDN reliability under different SOP 
capacities is shown in Fig. 7 (where Scenario 1 is the “closed-loop design, open-loop operation” 
distribution network). 

As can be seen in Fig. 7, the FIDN reliability continues to increase as the SOP capacity continues to 
increase (IASAI continues to increase and ISAIDI continues to decrease). When the SOP capacity is 4MVA, 
although the power outage time of some load points in FIDN is basically equivalent to the distribution 
network of "closed-loop design and open-loop operation", considering the effect of SOP rapid transfer 
on the power outage time of other load points, on the whole (as shown in Figure 7), the improvement 
of the reliability of FIDN by SOP fast transfer has basically completely offset the negative impact of the 
reliability caused by the expansion of the fault set. When the SOP capacity is increased to 8 MVA, the 
FIDN reliability will no longer change, i.e., the SOP capacity of 8 MVA basically meets the requirement 
of rapid load transfer under various fault scenarios. 
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Fig. 7. Variation of FIDN reliability with different SOP capacities 

3.3. Dynamic characterization 

In this section, the dynamic characteristics of the MV flexible interconnected distribution network 
system are analyzed using the DC voltage as an example. 
The effects of the sag coefficient (Rd) of the current sag control system on the dynamic characteristic 
indexes of the dc bus voltage are shown in Fig. 8, with (a) and (b) showing the effects of the sag 
coefficient (Rd) on the damping coefficient (ζ) and the oscillation frequency (ωd), and the effects of the 
sag coefficient (Rd) on the peak time (tp) and the overshooting amount (σ), respectively. 

  

(a) Damping coefϐicient (ζ) and oscillation frequency (ωd) (b) Peak time (tp) and overadjustment (σ) 

Fig. 8. The effect of drooping coefϐicient on dynamic characteristics of the system 

The dynamic response of the DC bus voltage when the sag coefficient changes is shown in Fig. 9, and 
the load resistance Rload is reduced from 200 Ω to 100 Ω at the 4th second in order to simulate the 
constant power load perturbation, and the results of the calculation of the corresponding dynamic 
characteristic indexes are shown in Table 2. From Fig. 9 and Table 2, it can be seen that in this paper, 
the DC voltage dynamics of the medium voltage flexible distribution network interconnection system, 
the sag coefficient increases, the system damping, oscillation frequency and overshooting are 
significantly reduced, and the peak time increases. When the sag coefficient Rd is increased from 0.5 
pu to 1.5 pu, the system damping ζ, oscillation frequency ωd and overshooting amount σ are reduced 
by 0.168, 5.37 rad/s and 47%, respectively, and the peak time is increased by 0.069s. 
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Fig. 9. The direct current voltage dynamic response in the change of drooping coefϐicient 

Table 2. The dynamic characteristics calculation results in the change of drooping coefϐicient 

Mode Index Rd=0.5 pu Rd=1 pu Rd=1.5 pu 

Current drooping 

control 

ζ 0.467 0.351 0.299 

ωd (rad/s) 15.96 12.43 10.59 

tp (s) 0.068 0.105 0.137 

σ % 186 156 139 

4. System control and protection strategy 

4.1. System Control Program 

According to the scope of action and function division, the control system is divided into three levels: 
dispatching control layer, coordination control layer and local control layer. The dispatching control 
layer is the top-level external control, which determines the operation mode of the flexible 
interconnection system according to the dispatching demand of the main station of the distribution 
network and gives the corresponding reference instruction. Coordination control layer is the 
centralized control of the upper layer, which controls the coordinated work of each key equipment 
according to the operation mode and reference instruction given by the upper layer, and realizes 
smooth switching of the system operation mode and coordinated response in case of AC failure. The 
local control layer is the decentralized control of the lower layer, which is controlled by the modular 
multilevel converter (MMC), DC transformer (DCT) and other key devices according to their own 
principles and characteristics to realize the control requirements given by the upper layer. The block 
diagram of the control system of the demonstration project is shown in Figure 10. 
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·DAB power/voltage control
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Measurement information

 

Fig. 10. Control system block diagram of the demonstration project 

Among other things, the STATCOM control utilizes the reactive power control capability of the MMC 
to provide static reactive power compensation (STATCOM) functionality to the grid. 

In the coordination and control layer, there are mainly five operation modes in the flex-direct 
interconnection system, namely, shutdown, one-side shutdown, STATCOM operation, back-to-back 
operation, and AC standby power operation, and the conversion relationship between the operation 
modes is shown in Fig. 11. Among them, normal startup, normal shutdown, operation mode 
management, and AC fault response are the main control functions of the coordination control layer. 
Normal startup and shutdown control specifies the switching strategy between the shutdown mode 
and other operation modes of the flex-straight interconnection system, including the normal startup 
control and normal shutdown control of the STATCOM operation mode and one-side shutdown mode. 
The operation mode management specifies the switching strategy of the other four operation modes 
of the flexible interconnected system except the shutdown mode in the normal working state, which 
is the main coordinating control function to interface with all kinds of control commands of the 
dispatching control layer. AC fault response is only activated when the system is in back-to-back 
operation mode, which stipulates how to locate the fault location and make different responses 
according to the fault location when AC fault is detected by the flexible interconnection system in back-
to-back operation mode, so as to quickly restore power supply to non-faulty areas. 



9112 XIN ET AL. 

 

One side shutdown 
mode

STATCOM running 
mode

Outage mode

Ac standby power 
mode

Run in back-to-back 
mode

Operation 
management

Operation 
management

Operation 
management

Normal start

Normal 
outage

Normal 
outage

Ac fault 
response

Ac fault 
response

Ac fault response
 

Fig. 11. Transition relationship of system operation modes 

4.2. System protection configuration 

Due to the lower voltage level of 10kV MV distribution field and the higher requirements for 
equipment compactness and simplification, the demonstration project adopts the secondary design 
principle of control and protection integration, and the relay protection of the flexible direct 
interconnection system is independently configured by each key equipment in the system and 
deployed in combination with its control equipment at the local control layer. The protection function 
configuration of MMC and DCT in the system is shown in Fig. 12 and Fig. 13 respectively. Among them, 
each key device takes its own working range as the protection area, and the protection areas of each 
key device overlap with each other, so as to ensure reliable protection for all faults within the system. 
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Fig. 12. Relaying protection functions of MMC 
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Fig. 13. Relaying protection functions of DCT 

5. Conclusion 

This paper analyzes the application scenarios and equipment composition of the flexible 
interconnection system of MV distribution network, and optimizes the operation of the flexible 
interconnection distribution network, and explores the reliability assessment method of the flexible 
interconnection system. Through simulation experiments, the stability, reliability and dynamic 
characteristics of the MV flexible interconnection system are analyzed, and the system control and 
protection strategies are studied. 

1) For the same constant power load step, the larger the voltage loop proportional parameter kpv, 
the more stable the system tends to be, and the larger the voltage loop integral parameter kiv, the more 
unstable the system tends to be. For the same constant power load step, the larger the station circuit 
parameter, the more unstable the system tends to be. The maximum constant power load mutation 
value that the system can withstand decreases gradually with the increase of the station load power. 

2) The system reliability index under strategy S2' is better than that of S1 and S2. The reliability of 
the medium voltage flexible interconnection system continues to improve as the SOP capacity 
continues to increase. 

3) In the medium-voltage flexible distribution interconnection system. When the DC voltage sag 
coefficient Rd is increased from 0.5 pu to 1.5 pu, the system damping ζ decreases from 0.467 to 0.299, 
the oscillation frequency ωd decreases from 15.96 rad/s to 10.59 rad/s, the overshooting amount σ 
decreases from 186% to 139%, and the peak time increases from 0.068 to 0.137s. 
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