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E𝐸 =
𝑉𝐿𝐿

3𝐸𝑚 =
2 × 𝑉𝐿𝐿

3

𝐸 𝑡 = 𝐸𝑚 sin(𝜔𝑡 + 𝜃) 𝑖𝑃 (𝑡)

𝑖𝑃 𝑡 = −𝐼𝑚 sin(𝜃 − 𝜑) 𝑒−
𝑅

𝐿
𝑡 + 𝐼𝑚 sin(𝜔𝑡 + 𝜃 − 𝜑) , 𝑖𝑃 𝑡 = 0 = 0

𝑡 = 0
𝑍 = 𝑅2 + 𝜔2𝐿2

tan𝜑 =
𝜔𝐿

𝑅
=
𝑋

𝑅
𝐼𝑚 =

𝐸𝑚
𝑍

Short Circuit Current at CT Primary 

𝐶𝑇𝑅: 1

𝑖 𝑃
(𝑡
)

𝑖𝑃
′ 𝑡 = ൗ𝑖𝑃(𝑡)

𝐶𝑇𝑅

𝐶𝑇𝑅: 𝐶𝑇 𝑅𝑎𝑡𝑖𝑜

𝐿𝑚 𝑖𝑚 𝑡 = 𝑖𝑃
′ 𝑡 − 𝑖𝑆(𝑡)

𝑅𝐶𝑇
𝑖𝑆 𝑡 = 𝑅𝑒𝑙𝑎𝑦 𝐶𝑢𝑟𝑟𝑒𝑛𝑡

→

𝑪𝒖𝒓𝒓𝒆𝒏𝒕 𝑻𝒓𝒂𝒏𝒔𝒇𝒐𝒓𝒎𝒆𝒓 𝑪𝑻

𝑅𝐸𝑋𝑇 = 𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑠 (𝐶𝑎𝑏𝑙𝑒 𝑝𝑙𝑢𝑠 𝑟𝑒𝑙𝑎𝑦)

𝑅𝐶𝑇 = 𝐶𝑇 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑟𝑒𝑠𝑖𝑎𝑡𝑎𝑛𝑐𝑒

𝑅𝑏 = 𝑅𝐶𝑇 + 𝑅𝐸𝑋𝑇 ……𝐶𝑇 𝑡𝑜𝑡𝑎𝑙 𝑏𝑢𝑟𝑑𝑒𝑛

𝑖𝑃 𝑡 = −𝐼𝑚 sin(𝜃 − 𝜑) 𝑒
−

𝑡

𝑇𝑃 + 𝐼𝑚 sin(𝜔𝑡 + 𝜃 − 𝜑) , 𝑖𝑃 𝑡 = 0 = 0

𝑇𝑃 =
𝐿

𝑅
(𝑠𝑒𝑐 − 𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑡𝑖𝑚𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑜𝑓 𝑆𝐶)

𝑉𝐶𝑇 𝑡 = 𝑖𝑆 𝑡 × 𝑅𝑏 = 𝐿𝑚
𝑑𝑖𝑚(𝑡)

𝑑𝑡
= 𝐿𝑚

𝑑𝑖𝑃
′ 𝑡

𝑑𝑡
−

𝑑𝑖𝑆 𝑡

𝑑𝑡

𝑉𝐶𝑇(𝑡)

𝐿𝑚
𝑑𝑖𝑆 𝑡

𝑑𝑡
+ 𝑅𝑏 𝑖𝑆 𝑡 = 𝐿𝑚

𝑑𝑖𝑃
′ 𝑡

𝑑𝑡

𝑇𝑆=
𝐿𝑚
𝑅𝑏

𝑑𝑖𝑆 𝑡

𝑑𝑡
+

1

𝑇𝑆
𝑖𝑆 𝑡 =

𝑑𝑖𝑃
′ 𝑡

𝑑𝑡

𝑇𝑆 = 𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑡𝑖𝑚𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

𝑺𝒉𝒐𝒓𝒕 𝑪𝒊𝒓𝒄𝒖𝒊𝒕 𝒂𝒕 𝒑𝒓𝒊𝒎𝒂𝒓𝒚 𝒔𝒊𝒅𝒆 𝒐𝒇 𝑪𝑻

𝑅𝐸𝑋𝑇



𝐶𝑇𝑅: 1

𝑖 𝑃
(𝑡
)

𝑖𝑃
′ 𝑡 = ൗ𝑖𝑃(𝑡)

𝐶𝑇𝑅

𝐿𝑚 𝑖𝑚 𝑡 = 𝑖𝑃
′ 𝑡 − 𝑖𝑆(𝑡)

𝑅𝑏
𝑖𝑆 𝑡 = 𝑅𝑒𝑙𝑎𝑦 𝐶𝑢𝑟𝑟𝑒𝑛𝑡

𝑪𝒖𝒓𝒓𝒆𝒏𝒕 𝑻𝒓𝒂𝒏𝒔𝒇𝒐𝒓𝒎𝒆𝒓 𝑪𝑻

𝑉𝐶𝑇(𝑡)

𝑖𝑃 𝑡 = −𝐼𝑚 sin(𝜃 − 𝜑) 𝑒
−
𝑡
𝑇𝑃 + 𝐼𝑚 sin(𝜔𝑡 + 𝜃 − 𝜑)

𝑖𝑃
′ 𝑡 = −

𝐼𝑚
𝐶𝑇𝑅

sin(𝜃 − 𝜑) 𝑒
−
𝑡
𝑇𝑃 +

𝐼𝑚
𝐶𝑇𝑅

sin(𝜔𝑡 + 𝜃 − 𝜑)

𝑖𝑃
′ (𝑡) =

𝑖𝑃 𝑡

𝐶𝑇𝑅

𝐼𝑚
′ =

𝐼𝑚
𝐶𝑇𝑅

𝑖𝑃
′ 𝑡 = −𝐼𝑚

′ sin(𝜃 − 𝜑) 𝑒
−
𝑡
𝑇𝑃 + 𝐼𝑚

′ sin(𝜔𝑡 + 𝜃 − 𝜑)

𝑑 𝑖𝑃
′ 𝑡

𝑑𝑡
=
𝐼𝑚
′

𝑇𝑃
sin(𝜃 − 𝜑) 𝑒

−
𝑡
𝑇𝑃 + 𝐼𝑚

′ 𝜔 cos(𝜔𝑡 + 𝜃 − 𝜑)

&

&
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𝐶𝑇𝑅: 1

𝑖 𝑃
(𝑡
)

𝑖𝑃
′ 𝑡 = ൗ𝑖𝑃(𝑡)

𝐶𝑇𝑅

𝐿𝑚 𝑖𝑚 𝑡 = 𝑖𝑃
′ 𝑡 − 𝑖𝑆(𝑡)

𝑅𝑏
𝑖𝑆 𝑡 = 𝑅𝑒𝑙𝑎𝑦 𝐶𝑢𝑟𝑟𝑒𝑛𝑡

𝑉𝐶𝑇(𝑡)

𝑑𝑖𝑆 𝑡

𝑑𝑡
+

1

𝑇𝑆
𝑖𝑆 𝑡 =

𝑑𝑖𝑃
′ 𝑡

𝑑𝑡

𝑑 𝑖𝑃
′ 𝑡

𝑑𝑡
= −

𝐼𝑚
′

𝑇𝑃
sin(𝜃 − 𝜑) 𝑒

−
𝑡
𝑇𝑃 + 𝐼𝑚

′ 𝜔 cos(𝜔𝑡 + 𝜃 − 𝜑)

𝑑𝑖𝑆 𝑡

𝑑𝑡
+

1

𝑇𝑆
𝑖𝑆 𝑡 = −

𝐼𝑚
′

𝑇𝑃
sin(𝜃 − 𝜑) 𝑒

−
𝑡
𝑇𝑃 + 𝐼𝑚

′ 𝜔 cos(𝜔𝑡 + 𝜃 − 𝜑)

&

𝑖𝑆 𝑡 =
𝑇𝑃

𝑇𝑆 − 𝑇𝑃
𝐼𝑚
′ sin 𝜃 − 𝜑 𝑒

−
𝑡
𝑇𝑆 −

𝑇𝑆
𝑇𝑆 − 𝑇𝑃

𝐼𝑚
′ sin 𝜃 − 𝜑 𝑒

−
𝑡
𝑇𝑃 + 𝐼𝑚

′ sin(𝜔𝑡 + 𝜃 − 𝜑)

𝑹𝒆𝒇𝒆𝒓 𝑨𝒑𝒑𝒆𝒏𝒅𝒊𝒙 𝑨 − 𝑫𝒆𝒕𝒂𝒊𝒍𝒔 𝒐𝒇 𝒄𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝒊𝑺 𝒕
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𝑪𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒊𝒏𝒈 𝑽𝑪𝑻 𝒕

𝑉𝐶𝑇 𝑡 = 𝑅𝑏 × 𝑖𝑆 𝑡 = 𝑅𝑏 ×
𝑇𝑃

𝑇𝑆−𝑇𝑃
𝐼𝑚
′ sin 𝜃 − 𝜑 𝑒

−
𝑡

𝑇𝑆 −
𝑇𝑆

𝑇𝑆−𝑇𝑃
𝐼𝑚
′ sin 𝜃 − 𝜑 𝑒

−
𝑡

𝑇𝑃 + 𝐼𝑚
′ sin(𝜔𝑡 + 𝜃 − 𝜑)

𝑪𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒊𝒏𝒈 𝑪𝑻 𝑭𝒍𝒖𝒙 ∅𝑪𝑻 𝒕

𝑉𝐶𝑇 𝑡 = −
𝑑 ∅𝐶𝑇 𝑡

𝑑𝑡
𝑆𝑜: ∅𝐶𝑇 𝑡 = න− 𝑉𝐶𝑇 𝑡 𝑑𝑡

∅𝐶𝑇 𝑡 = න 𝑅𝑏 × −
𝑇𝑃

𝑇𝑆 − 𝑇𝑃
𝐼𝑚
′ sin 𝜃 − 𝜑 𝑒

−
𝑡
𝑇𝑆 +

𝑇𝑆
𝑇𝑆 − 𝑇𝑃

𝐼𝑚
′ sin 𝜃 − 𝜑 𝑒

−
𝑡
𝑇𝑃 − 𝐼𝑚

′ sin 𝜔𝑡 + 𝜃 − 𝜑 𝑑𝑡

∅𝐶𝑇 𝑡 = 𝑅𝑏 ×
𝑇𝑆 𝑇𝑃
𝑇𝑆 − 𝑇𝑃

𝐼𝑚
′ sin 𝜃 − 𝜑 𝑒

−
𝑡
𝑇𝑆 −

𝑇𝑆 𝑇𝑃
𝑇𝑆 − 𝑇𝑃

𝐼𝑚
′ sin 𝜃 − 𝜑 𝑒

−
𝑡
𝑇𝑃 +

𝐼𝑚
′

𝜔
cos 𝜔𝑡 + 𝜃 − 𝜑 +𝑀𝑒

−
𝑡
𝑇𝑆

𝑀𝑒
−

𝑡
𝑇𝑆 𝑖𝑠 𝑎 𝑡𝑒𝑟𝑚 𝑓𝑜𝑟 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑜𝑟 𝑟𝑒𝑚𝑎𝑛𝑒𝑛𝑡 𝑓𝑙𝑢𝑥 ∅𝐶𝑇 @𝑡 = 0 . 𝑅𝑒𝑚𝑎𝑛𝑒𝑛𝑡 𝑓𝑙𝑢𝑥 ∅𝑅 𝑖𝑠 𝑛𝑜𝑟𝑚𝑎𝑙𝑦 𝑠ℎ𝑜𝑤𝑛 𝑎𝑠 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑜𝑓

𝑜𝑓 𝑘𝑛𝑒𝑒 𝑝𝑜𝑖𝑛𝑡 𝑓𝑙𝑢𝑥 ∅𝐾 𝑓𝑜𝑟 𝑒𝑥𝑎𝑚𝑝𝑙𝑒 ∅𝑅 = 0.3 ∅𝐾

𝑓𝑜𝑟 ∅𝑅 = 𝐾𝑅 ∅𝐾 𝑤ℎ𝑒𝑟𝑒 𝐾𝑅𝑖𝑠 𝑎 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑛𝑢𝑚𝑏𝑒𝑟 𝑡ℎ𝑒𝑛
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𝐾𝑅∅𝐾 = 𝑅𝑏 ×
𝑇𝑆 𝑇𝑃
𝑇𝑆 − 𝑇𝑃

𝐼𝑚
′ sin 𝜃 − 𝜑 −

𝑇𝑆 𝑇𝑃
𝑇𝑆 − 𝑇𝑃

𝐼𝑚
′ sin 𝜃 − 𝜑 +

𝐼𝑚
′

𝜔
cos 𝜃 − 𝜑 +𝑀

𝐾𝑅∅𝐾 = 𝑅𝑏 ×
𝐼𝑚
′

𝜔
cos 𝜃 − 𝜑 +𝑀

𝑀 = 𝐾𝑅∅𝐾 − 𝑅𝑏 ×
𝐼𝑚
′

𝜔
cos 𝜃 − 𝜑

∅𝐴𝐶−𝑀𝑎𝑥 = 𝑅𝑏 ×
𝐼𝑚
′

𝜔
𝑡ℎ𝑒𝑛 ∅𝐶𝑇 𝑡 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 𝑐𝑎𝑛 𝑏𝑒 𝑟𝑒 − 𝑤𝑟𝑖𝑡𝑒

∅𝐶𝑇 𝑡 = 𝑅𝑏 ×
𝐼𝑚
′

𝜔
×

𝜔𝑇𝑆 𝑇𝑃
𝑇𝑆 − 𝑇𝑃

sin 𝜃 − 𝜑 𝑒
−

𝑡
𝑇𝑆 −

𝜔𝑇𝑆 𝑇𝑃
𝑇𝑆 − 𝑇𝑃

sin 𝜃 − 𝜑 𝑒
−

𝑡
𝑇𝑃 + cos 𝜔𝑡 + 𝜃 − 𝜑 + 𝐾𝑅

∅𝐾

𝑅𝑏 ×
𝐼𝑚
′

𝜔

− cos 𝜃 − 𝜑 𝑒
−

𝑡
𝑇𝑆

𝐴𝑡 𝑘𝑛𝑒𝑒 𝑝𝑜𝑖𝑛𝑡 𝑡ℎ𝑖𝑠 𝑟𝑎𝑡𝑖𝑜 𝑖𝑠 𝑣𝑎𝑙𝑖𝑑 ∶ 𝐾𝑆 =
∅𝐾

∅𝐴𝐶−𝑀𝑎𝑥
=

𝑉𝐾
𝑉𝐴𝐶−𝑀𝑎𝑥

=
𝑉𝐾

𝑅𝑏 × 𝐼𝑚
′

∅𝐶𝑇 𝑡 = ∅𝐴𝐶−𝑀𝑎𝑥 ×
𝜔𝑇𝑆 𝑇𝑃
𝑇𝑆 − 𝑇𝑃

sin 𝜃 − 𝜑 𝑒
−

𝑡
𝑇𝑆 −

𝜔𝑇𝑆 𝑇𝑃
𝑇𝑆 − 𝑇𝑃

sin 𝜃 − 𝜑 𝑒
−

𝑡
𝑇𝑃 + cos 𝜔𝑡 + 𝜃 − 𝜑 + 𝐾𝑅

∅𝐾
∅𝐴𝐶−𝑀𝑎𝑥

− cos 𝜃 − 𝜑 𝑒
−

𝑡
𝑇𝑆
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𝑀𝑢𝑙𝑡𝑖𝑝𝑙𝑦𝑖𝑛𝑔
∅𝐾
∅𝐾

𝑡𝑜 ∅𝐶𝑇 𝑡

∅𝐶𝑇 𝑡 = ∅𝐴𝐶−𝑀𝑎𝑥 ×
∅𝐾
∅𝐾

×
𝜔𝑇𝑆 𝑇𝑃
𝑇𝑆 − 𝑇𝑃

sin 𝜃 − 𝜑 𝑒
−

𝑡
𝑇𝑆 −

𝜔𝑇𝑆 𝑇𝑃
𝑇𝑆 − 𝑇𝑃

sin 𝜃 − 𝜑 𝑒
−

𝑡
𝑇𝑃 + cos 𝜔𝑡 + 𝜃 − 𝜑 + 𝐾𝑅

∅𝐾
∅𝐴𝐶−𝑀𝑎𝑥

− cos 𝜃 − 𝜑 𝑒
−

𝑡
𝑇𝑆

∅𝐶𝑇 𝑡 =
∅𝐾
∅𝐾

∅𝐴𝐶−𝑀𝑎𝑥

×
𝜔𝑇𝑆 𝑇𝑃
𝑇𝑆 − 𝑇𝑃

sin 𝜃 − 𝜑 𝑒
−

𝑡
𝑇𝑆 −

𝜔𝑇𝑆 𝑇𝑃
𝑇𝑆 − 𝑇𝑃

sin 𝜃 − 𝜑 𝑒
−

𝑡
𝑇𝑃 + cos 𝜔𝑡 + 𝜃 − 𝜑 + 𝐾𝑅

∅𝐾
∅𝐴𝐶−𝑀𝑎𝑥

− cos 𝜃 − 𝜑 𝑒
−

𝑡
𝑇𝑆

∅𝐶𝑇 𝑡 =
∅𝐾
𝐾𝑆

×
𝜔𝑇𝑆 𝑇𝑃
𝑇𝑆 − 𝑇𝑃

sin 𝜃 − 𝜑 𝑒
−

𝑡
𝑇𝑆 −

𝜔𝑇𝑆 𝑇𝑃
𝑇𝑆 − 𝑇𝑃

sin 𝜃 − 𝜑 𝑒
−

𝑡
𝑇𝑃 + cos 𝜔𝑡 + 𝜃 − 𝜑 + 𝐾𝑅𝐾𝑆 − cos 𝜃 − 𝜑 𝑒

−
𝑡
𝑇𝑆

𝑻𝒊𝒎𝒆 𝒕𝒐 𝒔𝒂𝒕𝒖𝒓𝒂𝒕𝒊𝒐𝒏 (𝒕𝑺)

𝑇𝑖𝑚𝑒 𝑡𝑜 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑆 𝑖𝑠 𝑡ℎ𝑒 𝑓𝑖𝑟𝑠𝑡 𝑖𝑛𝑠𝑡𝑎𝑛𝑡 𝑡ℎ𝑎𝑡 𝐶𝑇 𝑓𝑙𝑢𝑥 𝑜𝑟 𝐶𝑇 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑟𝑒𝑎𝑐ℎ 𝑡𝑜 𝑡ℎ𝑒 ∅𝐾 𝑜𝑟 𝑉𝐾 ∶

∅𝐶𝑇 𝑡 = 𝑡𝑆 = ∅𝐾 =
∅𝐾
𝐾𝑆

×
𝜔𝑇𝑆 𝑇𝑃
𝑇𝑆 − 𝑇𝑃

sin 𝜃 − 𝜑 𝑒
−
𝑡𝑆
𝑇𝑆 −

𝜔𝑇𝑆 𝑇𝑃
𝑇𝑆 − 𝑇𝑃

sin 𝜃 − 𝜑 𝑒
−
𝑡𝑆
𝑇𝑃 + cos 𝜔𝑡𝑆 + 𝜃 − 𝜑 + 𝐾𝑅𝐾𝑆 − cos 𝜃 − 𝜑 𝑒

−
𝑡𝑆
𝑇𝑆

𝑜𝑟 𝑎𝑡 𝑡𝑆 :

𝐾𝑆 =
𝜔𝑇𝑆 𝑇𝑃
𝑇𝑆 − 𝑇𝑃

sin 𝜃 − 𝜑 𝑒
−
𝑡𝑆
𝑇𝑆 −

𝜔𝑇𝑆 𝑇𝑃
𝑇𝑆 − 𝑇𝑃

sin 𝜃 − 𝜑 𝑒
−
𝑡𝑆
𝑇𝑃 + cos 𝜔𝑡𝑆 + 𝜃 − 𝜑 + 𝐾𝑅𝐾𝑆 − cos 𝜃 − 𝜑 𝑒

−
𝑡𝑆
𝑇𝑆
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𝑷𝒓𝒂𝒄𝒕𝒊𝒄𝒂𝒍 𝑺𝒊𝒎𝒑𝒍𝒊𝒇𝒊𝒄𝒂𝒕𝒊𝒐𝒏s

𝑖𝑛 𝑐𝑙𝑜𝑠𝑒𝑑 𝑐𝑜𝑟𝑒 𝐶𝑇′𝑠 𝑇𝑆 ≫ 𝑇𝑃 𝑡ℎ𝑒𝑛 𝑇𝑆 − 𝑇𝑃 ≈ 𝑇𝑆 𝑡ℎ𝑒𝑛 ∶

𝐾𝑆 =
𝜔𝑇𝑆 𝑇𝑃
≈ 𝑇𝑆

sin 𝜃 − 𝜑 𝑒
−
𝑡𝑆
𝑇𝑆 −

𝜔𝑇𝑆 𝑇𝑃
≈ 𝑇𝑆

sin 𝜃 − 𝜑 𝑒
−
𝑡𝑆
𝑇𝑃 + cos 𝜔𝑡𝑆 + 𝜃 − 𝜑 + 𝐾𝑅𝐾𝑆 − cos 𝜃 − 𝜑 𝑒

−
𝑡𝑆
𝑇𝑆

𝐾𝑆 = 𝜔 𝑇𝑃 sin 𝜃 − 𝜑 𝑒
−
𝑡𝑆
𝑇𝑆 − 𝜔 𝑇𝑃 sin 𝜃 − 𝜑 𝑒

−
𝑡𝑆
𝑇𝑃 + cos 𝜔𝑡𝑆 + 𝜃 − 𝜑 + 𝐾𝑅𝐾𝑆 − cos 𝜃 − 𝜑 𝑒

−
𝑡𝑆
𝑇𝑆

𝑓𝑜𝑟 𝑡𝑦𝑝𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑢𝑒𝑠 𝑜𝑓 𝑇𝑆 𝑒. 𝑔. 10 𝑠𝑒𝑐 , 𝑑𝑢𝑟𝑖𝑛𝑔 𝑓𝑖𝑟𝑠𝑡 𝑓𝑒𝑤 𝑐𝑦𝑐𝑙𝑒𝑠 𝑏𝑒𝑙𝑜𝑤 100𝑚𝑠 , 𝑡ℎ𝑒 𝑚𝑎𝑔𝑛𝑒𝑡𝑢𝑑𝑒 𝑜𝑓 𝑒
𝑡𝑆
𝑇𝑆 𝑤𝑖𝑙𝑙 𝑏𝑒 𝑎𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒𝑙𝑦 1:

𝐾𝑆 = 𝜔 𝑇𝑃 sin 𝜃 − 𝜑 × 1 − 𝜔 𝑇𝑃 sin 𝜃 − 𝜑 𝑒
−
𝑡𝑆
𝑇𝑃 + cos 𝜔𝑡𝑆 + 𝜃 − 𝜑 + 𝐾𝑅𝐾𝑆 − cos 𝜃 − 𝜑 × 1

𝑓𝑜𝑟 𝑡ℎ𝑒 𝑤𝑜𝑠𝑟𝑡 𝑐𝑎𝑠𝑒 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 𝑚𝑎𝑥 𝑜𝑓 cos 𝜔𝑡𝑆 + 𝜃 − 𝜑 𝑠ℎ𝑜𝑢𝑙𝑑 𝑏𝑒 1 𝑎𝑛𝑑 𝑠𝑎𝑚𝑒
𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑤𝑖𝑡ℎ 𝜔 𝑇𝑃 sin 𝜃 − 𝜑 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 (𝑜𝑟 𝑠𝑎𝑚𝑒 𝑠𝑖𝑔𝑛 𝑤𝑖𝑡ℎ sin 𝜃 − 𝜑 )

𝐾𝑆 = 𝜔 𝑇𝑃 sin 𝜃 − 𝜑 − 𝜔 𝑇𝑃 sin 𝜃 − 𝜑 𝑒
−
𝑡𝑆
𝑇𝑃 + 1 + 𝐾𝑅𝐾𝑆 − cos 𝜃 − 𝜑

1 −
1 − 𝐾𝑅 𝐾𝑆 + cos 𝜃 − 𝜑 − 1

𝜔 𝑇𝑃 sin 𝜃 − 𝜑
= 𝑒

−
𝑡𝑆
𝑇𝑃

𝑜𝑟:

𝜔 𝑇𝑃 sin 𝜃 − 𝜑

−𝜔 𝑇𝑃 sin 𝜃 − 𝜑 𝑒
−

𝑡
𝑇𝑃

+1

−1

cos 𝜔𝑡 + 𝜃 − 𝜑

𝑆𝑎𝑚𝑒 𝑠𝑖𝑔𝑛 𝑤𝑖𝑡ℎ sin 𝜃 − 𝜑
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𝑻𝒊𝒎𝒆 𝒕𝒐 𝒔𝒂𝒕𝒖𝒓𝒂𝒕𝒊𝒐𝒏

1 −
1 − 𝐾𝑅 𝐾𝑆 + cos 𝜃 − 𝜑 − 1

𝜔 𝑇𝑃 sin 𝜃 − 𝜑
= 𝑒

−
𝑡𝑆
𝑇𝑃

𝑡𝑆 = −𝑇𝑃 × ln 1 −
1 − 𝐾𝑅 𝐾𝑆 + cos 𝜃 − 𝜑 − 1

𝜔 𝑇𝑃 sin 𝜃 − 𝜑

𝑭𝒊𝒏𝒂𝒍𝒍𝒚

𝒔𝒖𝒃𝒔𝒕𝒊𝒕𝒖𝒕𝒆 "𝝎 𝑻𝑷 =
𝑿

𝑹
"

𝑡𝑆 = −
𝑋

𝜔𝑅
× ln 1 −

1 − 𝐾𝑅 𝐾𝑆 + cos 𝜃 − 𝜑 − 1

𝑋
𝑅
sin 𝜃 − 𝜑

𝐾𝑆 =
𝑉𝐾

𝑅𝑏 × 𝐼𝑆𝐶
′ 𝑤ℎ𝑒𝑟𝑒 𝐼𝑆𝐶

′ 𝑖𝑠 𝑡ℎ𝑒 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝐴𝐶 𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑐𝑎𝑙 𝑠ℎ𝑜𝑟𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑖𝑣𝑖𝑑𝑒𝑑 𝑏𝑦 𝐶𝑇 𝑟𝑎𝑡𝑖𝑜. 𝑉𝐾 𝑖𝑠 𝐶𝑇 𝑘𝑛𝑒𝑒 𝑝𝑜𝑖𝑛𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒. 𝑅𝑏

= 𝑅𝐶𝑇 + 𝑅𝐸𝑋𝑇
𝐾𝑅: 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑚𝑎𝑛𝑒𝑛𝑐𝑒 𝑓𝑙𝑢𝑥 𝑐𝑜𝑚𝑝𝑎𝑟𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑚𝑎𝑥 𝑓𝑙𝑢𝑥 𝑘𝑛𝑒𝑒 𝑝𝑜𝑖𝑛𝑡 𝑓𝑙𝑢𝑥

𝜃: 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑎𝑛𝑔𝑙𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑖𝑛𝑠𝑡𝑎𝑛𝑡 𝑜𝑓 𝑠ℎ𝑜𝑟𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡. 𝜑: 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑡ℎ𝑒𝑣𝑒𝑛𝑖𝑛 𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑝𝑜𝑖𝑛𝑡 𝑜𝑓 𝑠ℎ𝑜𝑟𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝜑 = tan−1
𝑋

𝑅
.

𝑋: 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒𝑣𝑒𝑛𝑖𝑛 𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑝𝑜𝑖𝑛𝑡 𝑜𝑓 𝑠ℎ𝑜𝑟𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡. 𝑅: 𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑒 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒𝑣𝑒𝑛𝑖𝑛
𝑖𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑝𝑜𝑖𝑛𝑡 𝑜𝑓 𝑠ℎ𝑜𝑟𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡

𝐾𝑆 =
1 − cos 𝜃 − 𝜑 +

𝑋
𝑅
sin 𝜃 − 𝜑 × 1 − 𝑒−

𝜔𝑅
𝑋

𝑡𝑆

1 − 𝐾𝑅

𝑆𝑎𝑚𝑒 𝑠𝑖𝑔𝑛 𝑤𝑖𝑡ℎ sin 𝜃 − 𝜑
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𝑻𝒊𝒎𝒆 𝒕𝒐 𝒔𝒂𝒕𝒖𝒓𝒂𝒕𝒊𝒐𝒏

𝑤𝑜𝑟𝑠𝑡 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑠ℎ𝑜𝑟𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑖𝑛𝑖𝑡𝑖𝑎𝑡𝑖𝑜𝑛 𝑖𝑠 𝑤ℎ𝑒𝑛 sin 𝜃 − 𝜑 = 1 𝑜𝑟 𝜃 − 𝜑 = 90° 𝑠𝑜 ∶

𝑡𝑆 = −
𝑋

𝜔𝑅
× ln 1 −

1 − 𝐾𝑅 𝐾𝑆 + cos 𝜃 − 𝜑 − 1

𝑋
𝑅
sin 𝜃 − 𝜑

= −
𝑋

𝜔𝑅
× ln 1 −

1 − 𝐾𝑅 𝐾𝑆 + 0 − 1

𝑋
𝑅
× 1

𝑡𝑆 = −
𝑋

𝜔𝑅
× ln 1 −

1 − 𝐾𝑅 𝐾𝑆 − 1

𝑋
𝑅

𝑀𝑜𝑟𝑒 𝑖𝑚𝑝𝑜𝑟𝑡𝑎𝑛𝑡 𝑖𝑛 𝐶𝑇 𝑠𝑖𝑧𝑖𝑛𝑔 𝑖𝑠 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑛𝑔 𝐾𝑆 𝑤ℎ𝑒𝑛 𝑡𝑠 𝑖𝑠 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜 𝑟𝑒𝑙𝑎𝑦 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑜𝑟 𝑟𝑒𝑙𝑎𝑦 𝑝𝑖𝑐𝑘 𝑢𝑝 𝑡𝑖𝑚𝑒 𝑡𝑃𝐾

𝑅𝑒 𝑎𝑟𝑟𝑎𝑛𝑔𝑒𝑚𝑒𝑛𝑡 𝑜𝑓 𝑡𝑆 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 𝑏𝑦 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑛𝑔 𝐾𝑆 𝑤ℎ𝑒𝑛 𝑡𝑃𝐾 = 𝑡𝑆 , 𝑎𝑛𝑜𝑡ℎ𝑒𝑟 𝑛𝑎𝑚𝑒 𝑓𝑜𝑟 𝐾𝑆 𝑖𝑛 𝑡ℎ𝑖𝑠 𝑐𝑎𝑠𝑒 𝑖𝑠 "CT 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟"

𝑡𝑆 = 𝑡𝑃𝐾
𝐾𝑆 =

1 +
𝑋
𝑅

1 − 𝑒−
𝜔𝑅
𝑋

𝑡𝑃𝐾

1 − 𝐾𝑅

𝐾𝑆 =
1 +

𝑋
𝑅
× 1 − 𝑒−

𝜔𝑅
𝑋

𝑡𝑆

1 − 𝐾𝑅

𝑡𝑃𝐾 = ∞

𝐾𝑆 =
1 +

𝑋
𝑅

1 − 𝐾𝑅

𝐶𝑜𝑛𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑣𝑒 𝑣𝑎𝑙𝑢𝑒 𝑓𝑜𝑟 𝐾𝑆 , 𝑖𝑓 𝐾𝑆 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜 𝑡ℎ𝑖𝑠 𝑣𝑎𝑙𝑢𝑒 𝑡ℎ𝑒𝑛 𝐶𝑇
𝑤𝑖𝑙𝑙 𝑛𝑒𝑣𝑒𝑟 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒 𝑓𝑜𝑟 𝑡ℎ𝑒 ℎ𝑖𝑔ℎ𝑒𝑠𝑡 𝑓𝑎𝑢𝑙𝑡
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𝑰𝒈𝒏𝒐𝒓𝒊𝒏𝒈 𝒓𝒆𝒎𝒂𝒏𝒆𝒏𝒄𝒆 𝒇𝒍𝒖𝒙 𝒘𝒉𝒆𝒏 𝒕𝒉𝒆𝒓𝒆 𝒊𝒔 𝒏𝒐 𝑨𝒖𝒕𝒐 𝑹𝒆𝒄𝒍𝒐𝒔𝒊𝒏𝒈

∅𝐾

𝑖𝑚𝑎𝑔−𝑁 𝑤ℎ𝑒𝑛 𝑖𝐶𝑇 = 1𝐴 (𝑛𝑜𝑟𝑚𝑎𝑙)

𝑖𝑚𝑎𝑔−𝐹 𝑤ℎ𝑒𝑛 𝑖𝐶𝑇 = 20𝐴 (𝐹𝑎𝑢𝑙𝑡)

𝑃𝑟𝑖𝑜𝑟 𝑡𝑜 𝑓𝑎𝑢𝑙𝑡 𝐶𝑇
𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑠

𝑖𝑚𝑎𝑔

∅𝐶𝑇

𝐻𝑦𝑠𝑡𝑒𝑟𝑒𝑠𝑖𝑠 𝐶𝑢𝑟𝑣𝑒𝑠

𝑅𝑒𝑚𝑎𝑛𝑒𝑛𝑐𝑒 𝑓𝑙𝑢𝑥 𝑎𝑓𝑡𝑒𝑟 𝑐𝑙𝑒𝑎𝑟𝑖𝑛𝑔 𝑓𝑎𝑢𝑙𝑡

𝑅𝑒𝑚𝑎𝑛𝑒𝑛𝑐𝑒 𝑓𝑙𝑢𝑥 𝑎𝑓𝑡𝑒𝑟 𝑑𝑒 − 𝑒𝑛𝑒𝑟𝑔𝑖𝑠𝑖𝑛𝑔 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑖𝑛 𝑛𝑜𝑟𝑚𝑎𝑙 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝑅𝑒𝑓𝑒𝑟 𝑡𝑜 𝑡ℎ𝑒 𝑎𝑏𝑜𝑣𝑒 𝑔𝑟𝑎𝑝ℎ, 𝑡ℎ𝑒 𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑚𝑎𝑛𝑒𝑛𝑐𝑒 𝑓𝑙𝑢𝑥 𝑖𝑛 𝑛𝑜𝑟𝑚𝑎𝑙 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑠 𝑣𝑒𝑟𝑦 𝑙𝑜𝑤 𝑐𝑜𝑚𝑝𝑎𝑟𝑒 𝑡𝑜 𝑡ℎ𝑒 𝐶𝑇 𝑘𝑛𝑒𝑒 𝑝𝑜𝑖𝑛𝑡 𝑓𝑙𝑢𝑥.
𝐼𝑛 𝑚𝑜𝑠𝑡 𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛𝑠 , 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑖𝑝𝑝𝑖𝑛𝑔 𝐶𝐵 , 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑖𝑠 𝑛𝑜𝑡 𝑟𝑒𝑒𝑛𝑒𝑟𝑔𝑖𝑠𝑒𝑑 𝑢𝑛𝑡𝑖𝑙 𝑓𝑎𝑢𝑙𝑡 𝑖𝑠 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 . 𝐴𝑠 𝑠𝑢𝑐ℎ, 𝑡ℎ𝑖𝑠 𝑖𝑠 𝑛𝑜𝑡 𝑎 𝑝𝑟𝑎𝑐𝑡𝑖𝑐𝑎𝑙 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜
𝑡𝑜 𝑠𝑤𝑖𝑡𝑐ℎ 𝑜𝑛 𝑓𝑎𝑢𝑙𝑡 𝑤𝑖𝑡ℎ ℎ𝑖𝑔ℎ 𝑟𝑒𝑚𝑎𝑛𝑒𝑛𝑐𝑒 𝑓𝑙𝑢𝑥 ∅𝐾 𝑓𝑟𝑜𝑚 𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑓𝑎𝑢𝑙𝑡 . 𝑇ℎ𝑒 𝑜𝑛𝑙𝑦 𝑒𝑥𝑐𝑒𝑝𝑡𝑖𝑜𝑛 𝑖𝑠 𝑎𝑓𝑡𝑒𝑟 𝑟𝑒 − 𝑐𝑙𝑜𝑠𝑖𝑛𝑔 𝑖𝑛 𝐴𝑢𝑡𝑜 𝑅𝑒𝑐𝑙𝑜𝑠𝑖𝑔
𝑠𝑐ℎ𝑒𝑚𝑒 𝑤ℎ𝑒𝑟𝑒 𝑡ℎ𝑒𝑟𝑒 𝑖𝑠 𝑎 ℎ𝑖𝑔ℎ 𝑐ℎ𝑎𝑛𝑐𝑒 𝑡𝑜 𝑠𝑤𝑖𝑡𝑐ℎ 𝑜𝑛 𝑡𝑜 𝑓𝑎𝑢𝑙𝑡 𝑤𝑖𝑡ℎ ℎ𝑖𝑔ℎ 𝐶𝑇 𝑟𝑒𝑚𝑎𝑛𝑒𝑛𝑐𝑒 𝑓𝑙𝑢𝑥 𝑙𝑒𝑓𝑡 𝑓𝑟𝑜𝑚 𝑓𝑖𝑟𝑠𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛.
𝐹𝑜𝑟 𝑡ℎ𝑖𝑠 𝑝𝑟𝑎𝑐𝑡𝑖𝑐𝑎𝑙 𝑟𝑒𝑎𝑠𝑜𝑛 ,𝑤𝑒 𝑐𝑎𝑛 𝑖𝑔𝑛𝑜𝑟𝑒 𝐶𝑇 𝑟𝑒𝑚𝑎𝑛𝑎𝑐𝑒 𝑓𝑙𝑢𝑥 𝑓𝑜𝑟 𝑚𝑜𝑠𝑡 𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛𝑠 𝑤ℎ𝑒𝑛 𝑡ℎ𝑒𝑟𝑒 𝑖𝑠 𝑛𝑜 𝑎𝑢𝑡𝑜 𝑟𝑒𝑐𝑙𝑜𝑠𝑖𝑛𝑔 .
𝐵𝑦 𝑎𝑝𝑝𝑙𝑦𝑖𝑛𝑔 𝐾𝑅 = 0 , 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝑇 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑖𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 𝐾𝑆 𝑖𝑠 𝑠𝑖𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑑 𝑡𝑜:

𝐾𝑆 =
1 +

𝑋
𝑅

1 − 𝑒−
𝜔𝑅
𝑋

𝑡𝑃𝐾

1 − 𝐾𝑅

𝐾𝑅=0 𝐾𝑆 = 1 +
𝑋

𝑅
1 − 𝑒−

𝜔𝑅
𝑋

𝑡𝑃𝐾

𝑖𝑚𝑎𝑔−𝐾
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𝑬𝒙𝒂𝒎𝒑𝒍𝒆 𝟏 − 𝒐𝒇 𝒊𝒎𝒑𝒂𝒄𝒕 𝒐𝒇 𝒓𝒆𝒍𝒂𝒚 𝒐𝒑𝒆𝒓𝒂𝒕𝒊𝒐𝒏 𝒕𝒊𝒎𝒆 𝒐𝒏 𝑪𝑻 𝒅𝒊𝒎𝒆𝒏𝒔𝒊𝒐𝒏𝒊𝒈 𝒇𝒂𝒄𝒕𝒐𝒓

𝑡

𝑡𝑃𝐾 ∶ 𝑅𝑒𝑙𝑎𝑦 𝑃𝑖𝑐𝑘𝑢𝑝 𝑡𝑖𝑚𝑒 (𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒)

𝐼𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
(𝑁𝑜 𝑖𝑛𝑡𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝑡𝑖𝑚𝑒 𝑑𝑒𝑙𝑎𝑦)

𝐼𝐹

𝐼𝐹−𝐴𝐶−1Φ = 10𝑘𝐴

𝐶𝑇:
250

1
, 𝐼𝐹−𝐴𝐶−1Φ = 10𝑘𝐴,

𝑋

𝑅
= 10, 𝑅𝑏 = 4Ω

𝑡𝑃𝐾1 =
1

2
𝐶𝑦𝑐𝑙𝑒 = 10𝑚𝑠 = 0.01𝑠𝑒𝑐 𝑅𝑒𝑙𝑎𝑦 1 𝑃𝑖𝑐𝑘𝑢𝑝 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

𝑡𝑃𝐾2 = 1.5𝐶𝑦𝑐𝑙𝑒 = 30𝑚𝑠 = 0.03𝑠𝑒𝑐 𝑅𝑒𝑙𝑎𝑦 2 𝑃𝑖𝑐𝑘𝑢𝑝 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

𝐾𝑆 = 1 +
𝑋

𝑅
1 − 𝑒−

𝜔𝑅
𝑋

𝑡𝑃𝐾

𝐾𝑆1 = 1 + 10 × 1 − 𝑒− 0.1 ×2𝜋×50×0.01 = 3.7
𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐶𝑇 𝑘𝑛𝑒𝑒 𝑝𝑜𝑖𝑛𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑉𝐾1= 𝐾𝑆1×𝑅𝑏×

𝐼𝐹[𝐴]

𝐶𝑇𝑅
𝑉𝐾1 = 3.7 × 4 ×

10000

250
= 592 𝑉

𝐾𝑆2 = 1 + 10 × 1 − 𝑒− 0.1 ×2𝜋×50×0.03 = 7.1
𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐶𝑇 𝑘𝑛𝑒𝑒 𝑝𝑜𝑖𝑛𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑉𝐾2= 𝐾𝑆2×𝑅𝑏×

𝐼𝐹[𝐴]

𝐶𝑇𝑅
𝑉𝐾2 = 7.1 × 4 ×

10000

250
= 1136 𝑉

𝑀𝑖𝑛 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐾𝑛𝑒𝑒 𝑝𝑜𝑖𝑛𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑜𝑓 𝑟𝑒𝑙𝑎𝑦 1 𝐶𝑇 𝑤𝑖𝑡ℎ 10𝑚𝑠 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑖𝑠 𝑙𝑒𝑠𝑠 𝑡ℎ𝑎𝑛 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐾𝑛𝑒𝑒 𝑝𝑜𝑖𝑛𝑡
𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑜𝑓 𝑟𝑒𝑙𝑎𝑦 2 𝐶𝑇 𝑤𝑖𝑡ℎ 30𝑚𝑠 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑣𝑜𝑙𝑡𝑎𝑔𝑒.
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𝑬𝒙𝒂𝒎𝒑𝒍𝒆 𝟐 − 𝑪𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆 𝑴𝒊𝒏 𝒓𝒆𝒒𝒖𝒊𝒓𝒆𝒅 𝑪𝑻 𝒌𝒏𝒆𝒆 𝒑𝒐𝒊𝒏𝒕 𝒗𝒐𝒍𝒕𝒂𝒈𝒆 𝒇𝒐𝒓 𝟑𝚽 𝑺𝑪
𝑡

𝑡𝑃𝐾 ∶ 𝑅𝑒𝑙𝑎𝑦 𝑃𝑖𝑐𝑘𝑢𝑝 𝑡𝑖𝑚𝑒 (𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒)

𝐼𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
(𝑁𝑜 𝑖𝑛𝑡𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝑡𝑖𝑚𝑒 𝑑𝑒𝑙𝑎𝑦)

𝐼𝐹𝐼𝐹−𝐴𝐶−3Φ = 10𝑘𝐴

𝐶𝑇:
250

1
, 𝐼𝐹−𝐴𝐶−3Φ = 10𝑘𝐴,

𝑋

𝑅
= 10, 𝑅𝑏 = 4Ω

𝑡𝑃𝐾 = 1.5 𝐶𝑦𝑐𝑙𝑒 = 30𝑚𝑠 = 0.03𝑠𝑒𝑐 𝑅𝑒𝑙𝑎𝑦 𝑃𝑖𝑐𝑘𝑢𝑝 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

𝐴𝑙𝑙 𝑡ℎ𝑟𝑒𝑒 𝑝ℎ𝑎𝑠𝑒𝑠 𝑎𝑟𝑒 𝑛𝑜𝑡 𝑖𝑛 𝑡ℎ𝑒𝑖𝑟 𝑤𝑜𝑟𝑠𝑡 𝑐𝑎𝑠𝑒 𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔 𝑖𝑛𝑠𝑡𝑎𝑛𝑡 𝑖𝑛 3𝜙 𝑠ℎ𝑜𝑟𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡𝑠 (𝑖𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑜𝑛𝑠). 𝑇ℎ𝑖𝑠 𝑒𝑥𝑎𝑚𝑝𝑙𝑒
𝑠ℎ𝑜𝑤𝑠 𝑡ℎ𝑎𝑡 𝑤ℎ𝑒𝑛 𝜙𝐴 𝑖𝑠 𝑎𝑡 𝑤𝑜𝑟𝑠𝑡 𝑐𝑎𝑠𝑒 𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔 𝑤𝑖𝑡ℎ 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝐶𝑇 𝑜𝑣𝑒𝑟 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 𝑜𝑓𝐾𝑆𝐴 , 𝑎𝑡 𝜙𝐶 , 𝐾𝑆𝐶 = 0.45𝐾𝑆𝐴.
𝐴𝑠 𝑠𝑢𝑐ℎ, 𝑖𝑛 3𝜙 𝑆𝐶, 𝑑𝑢𝑒 𝑡𝑜 𝑠𝑚𝑎𝑙𝑙𝑒𝑟 𝑆𝐶 𝐷𝐶 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑖𝑛 𝑜𝑡ℎ𝑒𝑟 𝑝ℎ𝑎𝑠𝑒𝑠 , 𝐶𝑇 𝑜𝑣𝑒𝑟 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 𝑜𝑓 𝑤𝑜𝑟𝑠𝑡 𝑐𝑎𝑠𝑒 𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔 𝑠ℎ𝑜𝑢𝑙𝑑
𝑏𝑒 𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑏𝑦 𝑎𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒𝑙𝑦 50% ≈ 𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑦𝑖𝑛𝑔 𝑏𝑦 sin 𝜃 − 𝜑 𝑜𝑓 𝑜𝑡ℎ𝑒𝑟 𝑝ℎ𝑎𝑠𝑒𝑠 . 𝐼𝑛 𝑡ℎ𝑖𝑠 𝑒𝑥𝑎𝑚𝑝𝑙𝑒 ,𝑚𝑖𝑛 𝑉𝐾 = 512𝑉.

𝑊𝑜𝑟𝑠𝑡 𝑐𝑎𝑠𝑒 𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔 𝑖𝑛𝑠𝑡𝑎𝑛𝑡 𝑎𝑡 𝜙𝐴

𝜃𝜙𝐴 − 𝜑 = 90° 𝑆𝑜: sin 𝜃𝜙𝐴 − 𝜑 = 1 𝑎𝑛𝑑 cos 𝜃𝜙𝐴 − 𝜑 = 0

𝜃𝜙𝐵 − 𝜑 = 240° + 𝜃𝜙𝐴 − 𝜑 = 240° + 90° = 330° 𝑆𝑜: sin 𝜃𝜙𝐵 − 𝜑 = −0.5 𝑎𝑛𝑑 cos 𝜃𝜙𝐵 − 𝜑 = 0.866

𝜃𝜙𝐶 − 𝜑 = 120° + 𝜃𝜙𝐴 − 𝜑 = 120° + 90° = 210° 𝑆𝑜: sin 𝜃𝜙𝐶 − 𝜑 = −0.5 𝑎𝑛𝑑 cos 𝜃𝜙𝐶 − 𝜑 = −0.866

𝐾𝑆 =
1 − cos 𝜃 − 𝜑 +

𝑋
𝑅 sin 𝜃 − 𝜑 × 1 − 𝑒−

𝜔𝑅
𝑋

𝑡𝑃𝐾

1 − 𝐾𝑅

𝐾𝑅=0 (𝑖𝑔𝑛𝑜𝑟𝑒 𝑟𝑒𝑚𝑎𝑛𝑒𝑛𝑐𝑒 𝑓𝑙𝑢𝑥)
𝐾𝑆 = 1 − cos 𝜃 − 𝜑 +

𝑋

𝑅
sin 𝜃 − 𝜑 × 1 − 𝑒−

𝜔𝑅
𝑋

𝑡𝑃𝐾

𝜙𝐴: 𝐾𝑆𝐴 = 1 − 0 + 10 × 1 × 1 − 𝑒− 2𝜋50×0.1×0.03 = 7.1
𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐶𝑇 𝑘𝑛𝑒𝑒 𝑝𝑜𝑖𝑛𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑉𝐾−𝐴=𝐾𝑆𝐴×𝑅𝑏×

𝐼𝐹[𝐴]

𝐶𝑇𝑅
𝑉𝑘−𝐴 = 7.1 × 4 ×

10000

250
= 1136 𝑉

𝜙𝐵: 𝐾𝑆𝐵 = −1 − 0.866 + 10 × −0.5 × 1 − 𝑒− 2𝜋50×0.1×0.03 = −4.92 = 4.92 = 0.7𝐾𝑆𝐴

𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐶𝑇 𝑘𝑛𝑒𝑒 𝑝𝑜𝑖𝑛𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑉𝐾−𝐵= 𝐾𝑆𝐵×𝑅𝑏×
𝐼𝐹[𝐴]

𝐶𝑇𝑅
𝑉𝑘−𝐵 = 4.92 × 4 ×

10000

250
= 787.2 𝑉

𝜙𝐶: 𝐾𝑆𝐶 = −1 − (−0.866) + 10 × −0.5 × 1 − 𝑒− 2𝜋50×0.1×0.03 = −3.2 = 3.2 = 0.45𝐾𝑆𝐴

𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐶𝑇 𝑘𝑛𝑒𝑒 𝑝𝑜𝑖𝑛𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑉𝐾−𝐶=𝐾𝑆𝐶×𝑅𝑏×
𝐼𝐹[𝐴]

𝐶𝑇𝑅
𝑉𝑘−𝐶 = 3.2 × 4 ×

10000

250
= 512 𝑉

𝑆𝑎𝑚𝑒 𝑠𝑖𝑔𝑛 𝑤𝑖𝑡ℎ sin 𝜃 − 𝜑

Protection Current Transformers (CT’s) – Time to Saturation AND CT Over Dimensioning Factor 



𝑬𝒙𝒂𝒎𝒑𝒍𝒆 𝟑 − 𝑪𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆 𝑴𝒊𝒏 𝒓𝒆𝒒𝒖𝒊𝒓𝒆𝒅 𝑪𝑻 𝒌𝒏𝒆𝒆 𝒑𝒐𝒊𝒏𝒕 𝒗𝒐𝒍𝒕𝒂𝒈𝒆 𝒇𝒐𝒓 𝟐𝚽 𝑺𝑪

𝑡

𝑡𝑃𝐾 ∶ 𝑅𝑒𝑙𝑎𝑦 𝑃𝑖𝑐𝑘𝑢𝑝 𝑡𝑖𝑚𝑒 (𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒)

𝐼𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎
(𝑁𝑜 𝑖𝑛𝑡𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝑡𝑖𝑚𝑒 𝑑𝑒𝑙𝑎𝑦)

𝐼𝐹

𝐼𝐹−𝐴𝐶−3Φ = 10𝑘𝐴

𝐶𝑇:
250

1
, 𝐼𝐹−𝐴𝐶−3Φ = 10𝑘𝐴, 𝐼𝐹−𝐴𝐶−2Φ =

3

2
10𝑘𝐴 = 8.67 𝑘𝐴,

𝑋

𝑅
= 10, 𝑅𝑏 = 4Ω

𝑡𝑃𝐾 = 1.5 𝐶𝑦𝑐𝑙𝑒 = 30𝑚𝑠 = 0.03𝑠𝑒𝑐 𝑅𝑒𝑙𝑎𝑦 𝑃𝑖𝑐𝑘𝑢𝑝 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

𝑆𝑖𝑚𝑝𝑙𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐾𝑆 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 ∶

𝐾𝑆 =
1 − cos 𝜃 − 𝜑 +

𝑋
𝑅 sin 𝜃 − 𝜑 × 1 − 𝑒−

𝜔𝑅
𝑋

𝑡𝑃𝐾

1 − 𝐾𝑅

𝐼𝑛 𝑝𝑟𝑎𝑐𝑡𝑖𝑐𝑎𝑙 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜𝑠
≈

𝑆𝑎𝑚𝑒 𝑠𝑖𝑔𝑛 𝑤𝑖𝑡ℎ sin 𝜃 − 𝜑

𝐾𝑆 =
sin 𝜃 − 𝜑

1 − 𝐾𝑅
× 1 +

𝑋

𝑅
× 1 − 𝑒−

𝜔𝑅
𝑋

𝑡𝑃𝐾

𝐼𝐹−𝐴𝐶−2Φ =
3

2
𝐼𝐹−𝐴𝐶−3Φ

𝐾𝑆 =
sin 𝜃 − 𝜑

1 − 𝐾𝑅
× 1 +

𝑋

𝑅
× 1 − 𝑒−

𝜔𝑅
𝑋

𝑡𝑃𝐾
sin 𝜃−𝜑 =0 &𝐾𝑅=0

𝐾𝑆 =
1

1
× 1 + 10 × 1 − 𝑒−0.1 ×2𝜋×50×0.03 = 7.1

𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐶𝑇 𝑘𝑛𝑒𝑒 𝑝𝑜𝑖𝑛𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑉𝐾= 𝐾𝑆×𝑅𝑏×

3
2
𝐼𝐹−3∅[𝐴]

𝐶𝑇𝑅

𝑉𝐾 = 7.1 × 4 ×

3
2 × 10000

250
= 984 𝑉

𝑡𝑃𝐾 = 1.5 𝐶𝑦𝑐𝑙𝑒 = 30𝑚𝑠 = 0.03𝑠𝑒𝑐 𝑅𝑒𝑙𝑎𝑦 𝑃𝑖𝑐𝑘𝑢𝑝 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

Protection Current Transformers (CT’s) – Time to Saturation AND CT Over Dimensioning Factor 



𝑪𝒐𝒏𝒄𝒍𝒖𝒔𝒊𝒐𝒏𝒔:

𝐼𝑛 𝑡ℎ𝑒 𝑖𝑑𝑒𝑎𝑙 𝑠𝑖𝑡𝑢𝑎𝑡𝑖𝑜𝑛 , 𝐶𝑇′𝑠 𝑠ℎ𝑎𝑙𝑙 𝑛𝑜𝑡 𝑏𝑒 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑓𝑜𝑟 𝑎𝑛𝑦 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑓𝑎𝑢𝑙𝑡𝑠 𝑡𝑜 𝑔𝑖𝑣𝑒 𝑡ℎ𝑒 𝑒𝑥𝑎𝑐𝑡 𝑖𝑚𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑓𝑎𝑢𝑙𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑡𝑜 𝑡ℎ𝑒 𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑒𝑙𝑎𝑦𝑠.

𝐷𝑢𝑒 𝑡𝑜 ℎ𝑖𝑔ℎ 𝑎𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑐𝑎𝑙 𝑓𝑎𝑢𝑙𝑡 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝐷𝐶 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑜𝑓 𝑆𝐶 𝑖𝑛 𝐻𝑉 𝑝𝑜𝑤𝑒𝑟 𝑠𝑦𝑠𝑡𝑒𝑚𝑠 , 𝐶𝑇′𝑠 𝑐𝑎𝑛 𝑏𝑒 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑎𝑡 𝑡ℎ𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑎𝑢𝑙𝑡𝑠 𝑖𝑓 𝑡ℎ𝑒𝑖𝑟 𝑘𝑛𝑒𝑒 𝑝𝑜𝑖𝑛𝑡
𝑣𝑜𝑙𝑡𝑎𝑔𝑒𝑠 𝑜𝑛𝑙𝑦 𝑒𝑛𝑜𝑢𝑔ℎ 𝑡𝑜 ℎ𝑎𝑛𝑑𝑙𝑒 𝐴𝐶 𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑐𝑎𝑙 𝑓𝑎𝑢𝑙𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡. 𝐴𝑠 𝑠𝑢𝑐ℎ 𝑤ℎ𝑒𝑛 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑛𝑔 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐶𝑇 𝑘𝑛𝑒𝑒 𝑝𝑜𝑖𝑛𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑉𝐾 , 𝐶𝑇 𝑜𝑣𝑒𝑟 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 𝐾𝑆 𝑖𝑠 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑
𝑎𝑠 𝑤𝑒𝑙𝑙 𝑎𝑛𝑑 𝑖𝑠 𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑠ℎ𝑜𝑟𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝐴𝐶 𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑡𝑜 𝑚𝑎𝑘𝑒 𝑠𝑢𝑟𝑒 𝑡ℎ𝑎𝑡 𝐶𝑇 𝑖𝑠 𝑛𝑜𝑡 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑑𝑢𝑟𝑖𝑛𝑔 𝑠ℎ𝑜𝑟𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡. 𝐻𝑜𝑤𝑒𝑣𝑒𝑟, 𝑖𝑡 𝑖𝑠 𝑛𝑜𝑡 𝑎𝑙𝑤𝑎𝑦𝑠 𝑝𝑟𝑎𝑐𝑡𝑖𝑐𝑎𝑙 𝑡𝑜
ℎ𝑎𝑣𝑒 𝐶𝑇 𝑤𝑖𝑡ℎ 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑉𝐾 , 𝑒. 𝑔. 𝑎𝑠𝑠𝑢𝑚𝑒 𝑎 100 𝑡𝑜 1 𝐶𝑇 𝑖𝑛 𝑎 𝑠𝑦𝑠𝑡𝑒𝑚 𝑤𝑖𝑡ℎ 10𝑘𝐴 𝑆𝐶, 𝑡ℎ𝑒 𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑤𝑖𝑙𝑙 𝑏𝑒 100𝐴 𝑑𝑢𝑟𝑖𝑛𝑔 𝑆𝐶 𝑎𝑛𝑑 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑠 𝑎𝑙𝑚𝑜𝑠𝑡 𝑖𝑛𝑒𝑣𝑖𝑡𝑎𝑏𝑙𝑒 𝑖𝑛 𝑡ℎ𝑒
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐶𝑇′ 𝑖𝑛 𝑡ℎ𝑖𝑠 𝑟𝑎𝑛𝑔𝑒.

𝑂𝑛𝑒 𝑜𝑓 𝑚𝑒𝑡ℎ𝑜𝑑𝑠 𝑓𝑜𝑟 𝑓𝑖𝑛𝑑𝑖𝑛𝑔 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐶𝑇 𝑘𝑛𝑒𝑒 𝑝𝑜𝑖𝑛𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑖𝑛 𝑖𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑜𝑛𝑠 𝑠𝑢𝑐ℎ 𝑎𝑠 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑧𝑜𝑛𝑒 1, 𝑖𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑜𝑣𝑒𝑟𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑖𝑠 𝑡𝑜 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 𝐶𝑇
𝑡𝑖𝑚𝑒 𝑡𝑜 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑡ℎ𝑒𝑛 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑛𝑔 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐶𝑇 𝑘𝑛𝑒𝑒 𝑝𝑜𝑖𝑛𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑖𝑛 𝑎 𝑤𝑎𝑦 𝑡ℎ𝑎𝑡 𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑒𝑙𝑎𝑦𝑠 𝑚𝑒𝑎𝑠𝑢𝑟𝑒 𝑠ℎ𝑜𝑟𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑎𝑐𝑐𝑢𝑟𝑎𝑡𝑒𝑙𝑦 𝑝𝑟𝑖𝑜𝑟 𝑡𝑜 𝐶𝑇 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛

𝑇ℎ𝑖𝑠 𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑚𝑜𝑛𝑠𝑡𝑟𝑎𝑡𝑒𝑠 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛𝑠 𝑎𝑛𝑑 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑡ℎ𝑒𝑜𝑟𝑦 𝑏𝑎𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑜𝑓 𝑓𝑖𝑛𝑑𝑖𝑛𝑔 𝐶𝑇 𝑜𝑣𝑒𝑟 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝐶𝑇 𝑡𝑖𝑚𝑒 𝑡𝑜 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛.

𝑇ℎ𝑒𝑟𝑒 𝑎𝑟𝑒 𝑠𝑒𝑣𝑒𝑟𝑎𝑙 𝑟𝑒𝑠𝑒𝑎𝑟𝑐ℎ𝑒𝑠 𝑎𝑛𝑑 𝑝𝑎𝑡𝑒𝑛𝑡𝑠 𝑓𝑟𝑜𝑚 𝑟𝑒𝑙𝑎𝑦 𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑒𝑟𝑠 𝑖𝑛 𝑡ℎ𝑖𝑠 𝑡𝑜𝑝𝑖𝑐 𝑎𝑏𝑜𝑢𝑡 𝑚𝑒𝑡ℎ𝑜𝑑𝑠 𝑜𝑓 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑚𝑒𝑎𝑠𝑢𝑟𝑖𝑛𝑔 𝑖𝑛 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑒𝑙𝑎𝑦𝑠
𝑒. 𝑔. 𝑠𝑜𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒𝑚 𝑐𝑎𝑛 𝑑𝑒𝑡𝑒𝑐𝑡 𝐶𝑇 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑤ℎ𝑖𝑐ℎ 𝑎𝑟𝑒 𝑏𝑒𝑦𝑜𝑛𝑑 𝑡ℎ𝑖𝑠 𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛. 𝐼𝑛 𝑝𝑟𝑎𝑐𝑡𝑖𝑐𝑎𝑙 𝑐𝑎𝑠𝑒𝑠 , 𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑒𝑙𝑎𝑦𝑠′𝑂𝐸𝑀 𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐸𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑀𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑒𝑟

𝑟𝑒𝑐𝑜𝑚𝑚𝑒𝑛𝑑𝑎𝑡𝑖𝑜𝑛𝑠 𝑠ℎ𝑎𝑙𝑙 𝑏𝑒 𝑓𝑜𝑙𝑙𝑜𝑤𝑒𝑑.

Protection Current Transformers (CT’s) – Time to Saturation AND CT Over Dimensioning Factor 
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𝑖𝑆 𝑡 = 𝑖𝑆0 𝑡 + 𝑖𝑆1 𝑡 + 𝑖𝑆2 𝑡 = 𝐾0 𝑒
−
𝑡
𝑇𝑆 + 𝐾1 𝑒

−
𝑡
𝑇𝑃 + 𝐾2 sin(𝜔𝑡 + 𝛽)

𝑖𝑆1 𝑡 = 𝐾1 𝑒
−

𝑡
𝑇𝑃 = 𝑃𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑟 𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑖𝑆 𝑡 𝑤ℎ𝑒𝑛 𝑑𝑖𝑓𝑓𝑟𝑒𝑛𝑡𝑖𝑎𝑙 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 = −

𝐼𝑚
′

𝑇𝑃
sin(𝜃 − 𝜑) 𝑒

−
𝑡
𝑇𝑃 (𝑛𝑒𝑒𝑑𝑠 𝑡𝑜 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 𝐾1)

𝑖𝑆2 𝑡 = 𝐾2 sin(𝜔𝑡 + 𝛽) = 𝑃𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑟 𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑖𝑆 𝑡 𝑤ℎ𝑒𝑛 𝑑𝑖𝑓𝑓𝑟𝑒𝑛𝑡𝑖𝑎𝑙 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 = 𝐼𝑚
′ 𝜔 cos(𝜔𝑡 + 𝜃 − 𝜑) (𝑛𝑒𝑒𝑑𝑠 𝑡𝑜 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 𝐾2 & 𝛽)

𝑖𝑆0 𝑡 = 𝐾0 𝑒
−

𝑡
𝑇𝑆 = 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝑅𝑒𝑠𝑝𝑜𝑛𝑐𝑒 𝑜𝑓 𝑑𝑖𝑓𝑓𝑟𝑒𝑛𝑡𝑖𝑎𝑙 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (𝑛𝑒𝑒𝑑𝑠 𝑡𝑜 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 𝐾0 𝑎𝑓𝑡𝑒𝑟 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑛𝑔 𝑖𝑆1 𝑡 & 𝑖𝑆2 𝑡 𝑡ℎ𝑒𝑛 𝑎𝑝𝑝𝑙𝑦𝑖𝑛𝑔 𝑖𝑆 0 = 0)

𝑑𝑖𝑆 𝑡

𝑑𝑡
+

1

𝑇𝑆
𝑖𝑆 𝑡 = −

𝐼𝑚
′

𝑇𝑃
sin(𝜃 − 𝜑) 𝑒

−
𝑡
𝑇𝑃 + 𝐼𝑚

′ 𝜔 cos(𝜔𝑡 + 𝜃 − 𝜑)



𝑪𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒊𝒏𝒈 𝒊𝑺𝟏(𝒕)

𝑑𝑖𝑆2 𝑡

𝑑𝑡
+

1

𝑇𝑆
𝑖𝑆2 𝑡 = 𝐼𝑚

′ 𝜔 cos(𝜔𝑡 + 𝜃 − 𝜑)𝐴𝑁𝐷 𝑖𝑆2 𝑡 = 𝐾2 sin(𝜔𝑡 + 𝛽)

−
𝐾1
𝑇𝑃

𝑒
−

𝑡
𝑇𝑃 +

𝐾1
𝑇𝑆

𝑒
−

𝑡
𝑇𝑃 = −

𝐼𝑚
′

𝑇𝑃
sin 𝜃 − 𝜑 𝑒

−
𝑡
𝑇𝑃 →→→ 𝐾1 = −

𝑇𝑆
𝑇𝑆 − 𝑇𝑃

𝐼𝑚
′ sin 𝜃 − 𝜑

𝑖𝑆1 𝑡 = −
𝑇𝑆

𝑇𝑆 − 𝑇𝑃
𝐼𝑚
′ sin 𝜃 − 𝜑 𝑒

−
𝑡
𝑇𝑃

𝑪𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒊𝒏𝒈 𝒊𝑺𝟐 𝒕 𝒃𝒚 𝒕𝒊𝒎𝒆 𝒅𝒐𝒎𝒂𝒊𝒏𝒎𝒆𝒕𝒉𝒐𝒅

𝐾2 𝜔 cos 𝜔𝑡 + 𝛽 +
1

𝑇𝑆
𝐾2 sin(𝜔𝑡 + 𝛽) = 𝐼𝑚

′ 𝜔 cos(𝜔𝑡 + 𝜃 − 𝜑) → 𝐾2 [cos 𝜔𝑡 + 𝛽 +
1

𝜔𝑇𝑆
sin(𝜔𝑡 + 𝛽)] = 𝐼𝑚

′ cos(𝜔𝑡 + 𝜃 − 𝜑)

𝐴𝑠𝑠𝑢𝑚𝑒 tan𝜑𝐶𝑇 =
1

𝜔𝑇𝑆
=

𝑅𝑏
𝜔𝐿𝑚

=
𝑅𝑏
𝑋𝑚

= ൘
1
𝑋𝑚
𝑅𝑏

𝑨𝒑𝒑𝒆𝒏𝒅𝒊𝒙 𝑨 − 𝑫𝒆𝒕𝒂𝒊𝒍𝒔 𝒐𝒇 𝒄𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝒊𝑺 𝒕
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𝐾2 [cos 𝜔𝑡 + 𝛽 + tan𝜑𝐶𝑇 sin(𝜔𝑡 + 𝛽)] = 𝐼𝑚
′ cos 𝜔𝑡 + 𝜃 − 𝜑 → 𝐾2 [cos 𝜔𝑡 + 𝛽 +

sin𝜑𝐶𝑇
cos𝜑𝐶𝑇

sin(𝜔𝑡 + 𝛽)] = 𝐼𝑚
′ cos 𝜔𝑡 + 𝜃 − 𝜑

𝐾2
cos𝜑𝐶𝑇

cos 𝜔𝑡 + 𝛽 − 𝜑𝐶𝑇 = 𝐼𝑚
′ cos 𝜔𝑡 + 𝜃 − 𝜑

𝑠𝑖𝑛2𝑥 + 𝑐𝑜𝑠2𝑥 = 1 → 𝑡𝑎𝑛2𝑥 + 1 =
1

𝑐𝑜𝑠2𝑥
→ cos 𝑥 =

1

1 + 𝑡𝑎𝑛2𝑥

cos 𝑥 − 𝑦 = cos 𝑥 cos 𝑦 + sin 𝑥 sin 𝑦 , assume x = ω𝑡 + 𝛽 𝑎𝑛𝑑 𝑦 = 𝜑𝐶𝑇

𝐾2
cos𝜑𝐶𝑇

= 𝐾2 1 + 𝑡𝑎𝑛𝜑𝐶𝑇
2 = 𝐾2 1 +

𝑅𝑏
2

𝑋𝑚
2 =

𝐾2 𝑅𝑏
2 + 𝑋𝑚

2

𝑋𝑚
= 𝐼𝑚

′ → 𝐾2 =
𝑋𝑚

𝑅𝑏
2 + 𝑋𝑚

2

𝐼𝑚
′ → 𝑋𝑚 ≫ 𝑅𝑏 𝑡ℎ𝑒𝑛

𝛽 = 𝜃 − 𝜑 + 𝜑𝐶𝑇 𝑠𝑖𝑛𝑐𝑒 𝑋𝑚 ≫ 𝑅𝑏 𝑡ℎ𝑒𝑛 tan𝜑𝐶𝑇 =
𝑅𝑏
𝑋𝑚

≈ 0 then 𝜑𝐶𝑇 ≈ 0 𝑡ℎ𝑒𝑛 𝛽 ≈ 𝜃 − 𝜑

𝐾2 ≈ 𝐼𝑚
′

𝑖𝑆2 𝑡 = 𝐾2 sin(𝜔𝑡 + 𝛽) = 𝐼𝑚
′ sin 𝜔𝑡 + 𝜃 − 𝜑
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𝑖𝑆2 𝑡 𝑖𝑠 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑎 𝑠𝑖𝑛𝑒 𝑤𝑎𝑣𝑒 𝑎𝑛𝑑 𝑖𝑡 𝑐𝑎𝑛 𝑏𝑒 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑏𝑦 𝑝ℎ𝑎𝑠𝑜𝑟

𝐼𝑚
′ < (𝜃 − 𝜑)

𝐼𝑚
′ sin(𝜔𝑡 + 𝜃 − 𝜑) ≡ 𝐼𝑚

′ < (𝜃 − 𝜑)
𝑗𝑋𝑚

𝑅𝑏
𝐼𝑆2 < 𝑥

𝐼𝑆2 < 𝑥 = 𝐼𝑚
′ < 𝜃 − 𝜑

𝑗𝑋𝑚
𝑅𝑏 + 𝑗𝑋𝑚

= 𝐼𝑚
′ < 𝜃 − 𝜑

𝑋𝑚 < 90°

𝑅𝑏 + 𝑗𝑋𝑚 < tan−1(
𝑋𝑚
𝑅𝑏

)
=

𝐼𝑚
′ 𝑋𝑚 < (𝜃 − 𝜑 + 90° − tan−1(

𝑋𝑚
𝑅𝑏

))

𝑅𝑏
2 + 𝑋𝑚

2

𝑋𝑚 ≫ 𝑅𝑏 𝑡ℎ𝑒𝑛 ∶
𝑋𝑚

𝑅𝑏
2 + 𝑋𝑚

2

≈ 1 𝐴𝑁𝐷 tan−1
𝑋𝑚
𝑅𝑏

≈ 90° 𝑆𝑜: 𝐼𝑆2 < 𝑥 =
𝐼𝑚
′ 𝑋𝑚 < (𝜃 − 𝜑 + 90° − tan−1(

𝑋𝑚
𝑅𝑏

))

𝑅𝑏
2 + 𝑋𝑚

2

≈ 𝐼𝑚
′ < (𝜃 − 𝜑)

𝑆𝑜: 𝐼𝑆2≈ 𝐼𝑚
′ 𝑎𝑛𝑑 𝑥 ≈ 𝜃 − 𝜑

𝑖𝑆2 𝑡 = 𝐼𝑚
′ sin 𝜔𝑡 + 𝜃 − 𝜑
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𝑖𝑆 𝑡 = 𝑖𝑆0 𝑡 + 𝑖𝑆1 𝑡 + 𝑖𝑆2 𝑡 = 𝐾0 𝑒
−
𝑡
𝑇𝑆 + 𝐾1 𝑒

−
𝑡
𝑇𝑃 + 𝐾2 sin(𝜔𝑡 + 𝛽)

𝑖𝑆 𝑡 = 𝐾0 𝑒
−
𝑡
𝑇𝑆 −

𝑇𝑆
𝑇𝑆 − 𝑇𝑃

𝐼𝑚
′ sin 𝜃 − 𝜑 𝑒

−
𝑡
𝑇𝑃 + 𝐼𝑚

′ sin(𝜔𝑡 + 𝜃 − 𝜑)

𝑖𝑆 𝑡 = 0 = 0

0 = 𝐾0 −
𝑇𝑆

𝑇𝑆 − 𝑇𝑃
𝐼𝑚
′ sin 𝜃 − 𝜑 + 𝐼𝑚

′ sin(𝜃 − 𝜑)

𝐾0 =
𝑇𝑆

𝑇𝑆 − 𝑇𝑃
𝐼𝑚
′ sin 𝜃 − 𝜑 − 𝐼𝑚

′ sin 𝜃 − 𝜑 =
𝑇𝑃

𝑇𝑆 − 𝑇𝑃
𝐼𝑚
′ sin 𝜃 − 𝜑

𝑖𝑆 𝑡 =
𝑇𝑃

𝑇𝑆 − 𝑇𝑃
𝐼𝑚
′ sin 𝜃 − 𝜑 𝑒

−
𝑡
𝑇𝑆 −

𝑇𝑆
𝑇𝑆 − 𝑇𝑃

𝐼𝑚
′ sin 𝜃 − 𝜑 𝑒

−
𝑡
𝑇𝑃 + 𝐼𝑚

′ sin(𝜔𝑡 + 𝜃 − 𝜑)
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